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Assimilated data !
Temperature difference between 
8 and 10 ka time slices!
!
OBSERVATIONS!
Percentage of records showing the 

















































































Data used for validation !
Assimilated data !
Temperature difference between 





















































































Percentage of records 




Data used for validation !
Assimilated data !
Temperature difference between 
4 and 6 ka time slices!
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OBSERVATIONS!
Percentage of records 






















































































Data used for validation !
Assimilated data !
Temperature difference between 












































































Percentage of records 
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a b s t r a c t
Temperature changes in Antarctica over the last millennium are investigated using proxy records, a set of
simulations driven by natural and anthropogenic forcings and one simulation with data assimilation.
Over Antarctica, a long term cooling trend in annual mean is simulated during the period 1000e1850.
The main contributor to this cooling trend is the volcanic forcing, astronomical forcing playing a domi-
nant role at seasonal timescale. Since 1850, all the models produce an Antarctic warming in response to
the increase in greenhouse gas concentrations. We present a composite of Antarctic temperature,
calculated by averaging seven temperature records derived from isotope measurements in ice cores. This
simple approach is supported by the coherency displayed between model results at these data grid
points and Antarctic mean temperature. The composite shows a weak multi-centennial cooling trend
during the pre-industrial period and a warming after 1850 that is broadly consistent with model results.
In both data and simulations, large regional variations are superimposed on this common signal, at
decadal to centennial timescales. The model results appear spatially more consistent than ice core
records. We conclude that more records are needed to resolve the complex spatial distribution of
Antarctic temperature variations during the last millennium.
! 2012 Elsevier Ltd. All rights reserved.
1. Introduction
In Antarctica, the recent temperature trends are more spatially
heterogeneous compared with other continental regions (Turner
et al., 2005; Schneider et al., 2006; Hegerl et al., 2007; Chapman
and Walsh, 2007; Monaghan et al., 2008a; Steig et al., 2009;
ACCE, 2009; O’Donnell et al., 2011). Except over the Antarctic
Peninsula where a large warming has been observed over the last
50 years (Vaughan et al., 2003; Turner et al., 2005), the few
instrumental Antarctic air temperature records display an increase
between 1960 and 1980 (AD, as all the dates given here) but
a stabilization or a cooling over the following decades (Turner et al.,
2005; Schneider et al., 2006; Chapman and Walsh, 2007;
Monaghan et al., 2008a; Steig et al., 2009). For the period 1957e
2006, the spatial reconstruction of Steig et al. (2009) exhibits
a weak trend in East Antarctica and a strong temperature increase
in West Antarctica, which has warmed by more than 0.1 !C per
decade over this period. This warming in West Antarctica is
particularly strong in spring (Schneider et al., 2012) and has been
related to a forcing of the high latitudes by tropical sea surface
temperature anomalies through atmospheric teleconnections
(Ding et al., 2011, 2012; Schneider et al., in press). The increase in
the Southern Annular mode index, partly due to stratospheric
ozone and greenhouse gas forcings, also influences Antarctic
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temperature but mainly in summer over the Antarctic Peninsula
(warming effect) and East Antarctica (cooling effect) (Thompson
and Solomon, 2002; Arblaster and Meehl, 2006; Thompson et al.,
2011).
Schneider et al. (2006) have extended the estimates based on
instrumental data by constructing a synthesis based on five time
series derived fromwater isotopes measured in ice cores, detecting
a small warming (w0.2 !C) since the late 19th century. Here, we aim
to place these recent changes in the context of the climate of the
past millennium. The uncertainties on temperature changes over
the Southern Ocean and Antarctica at this temporal scale are large
due to (i) the temporal resolution of the few available records, and
(ii) the short length of instrumental records to calibrate them. Our
goal is to improve this situation by analyzing recent simulations
performed with General Circulation Models (GCMs) and with
a model of intermediate complexity, driven by both anthropogenic
and natural forcings. We will also use a new simulation with data
assimilation in which model development is constrained to follow
the signal recorded in the proxies (see Widmann et al., 2010 for
a recent review of the applications of data assimilation in paleo-
climatology). We will focus on surface temperature, as it is the
variable for which the largest amount of data is available, and we
will identify the robust features that are consistent between the
various proxies and the ones that need further investigation.
Section 2 summarizes the present-day knowledge of the climate
changes over the past millennium in the southern hemisphere,
focusing on multi-centennial patterns and on the comparison with
the classical Medieval Climate Anomaly (MCA)/Little Ice Age (LIA)
sequence proposed for the northern hemisphere. The climate
models used, the experimental set-up, the data assimilation tech-
nique and the proxies selected for data assimilation are briefly
presented in Section 3. The modeled response to the forcing is
analyzed in Section 4. Section 5 discusses the simulations with data
assimilation and a model-data comparison. A composite of the ice
core records is then presented in Section 6 and conclusions and
perspectives are given in Section 7.
2. Overview of the climate changes over the past millennium
in the southern hemisphere
At the scale of the southern hemisphere, the few available
temperature reconstructions (Mann and Jones, 2003; Mann et al.,
2008) suggest a cooling between the first part of the past millen-
nium and the period 1500e1800 and a warming over the past 150
years. This might be interpreted as the southern hemisphere
equivalent of the transition between the so-called Medieval
Climate Anomaly and the Little Ice Age extensively analyzed for the
northern hemisphere (e.g., Hughes and Diaz, 1994; Mann et al.,
2008, 2009; Esper et al., 2009; Kaufman et al., 2009; Frank et al.,
2010; Ljungqvist, 2010; Diaz et al., 2011). The timing is, however,
slightly different in the southern hemisphere. Prior to the 20th
century, the warmest conditions reconstructed by Mann et al.
(2008) appears around 1300 in the southern hemisphere,
compared to 950e1250 in the northern hemisphere. In South
America, warm local summers are depicted from 900 to the middle
of the 14th century followed by a sharp cooling (Neukom et al.,
2011). The similarity with the reconstruction of Mann et al.
(2008) may, however, be due to the use of common source proxy
records. Warm summer periods are also reconstructed in South
America between 1710 and 1820 and after 1940 (Neukom et al.,
2011). A recent reconstruction for summer temperature in Aus-
tralasia (Gergis et al., submitted for publication) agrees broadly
with the general picture described above for the whole southern
hemisphere and South America. By contrast, regional temperature
reconstructions from Australia, Tasmania and New Zealand (e.g.
Cook et al., 2002; Cook et al., 2006) do not generally display any
clear transition from an equivalent of the MCA to the LIA.
Most Antarctic and subantarctic temperature related proxies
display pronounced multi-decadal variations without a clear
dominant common signal. A few oceanic cores close to the coast
(e.g., Khim and Yoon, 2002 and Shevenell et al., 2011 close to the
Antarctic Peninsula) suggest generallymilder conditions during the
first half of the past millennium than over the period 1500e1800.
The number and the resolution of the available sediment cores in
the Southern Ocean (e.g., Nielsen et al., 2004; Crosta et al., 2007;
Anderson et al., 2009; Denis et al., 2010) is, however, too low to
draw unequivocal conclusions at large-scale from oceanic data. The
lake records along East Antarctica (see the review by Verleyen et al.,
2011) and the majority of the Antarctic ice core records (e.g., Steig
et al., 1998; Masson et al., 2000; Oerter et al., 2000; Mulvaney
et al., 2002; Masson-Delmotte et al., 2004) do not show any
significant long term temperature trend over the period 1000e
1850. At these multi-centennial scales, marked regional differ-
ences have been reported. Lake sediment cores from the North-
Eastern tip of the Antarctic Peninsula show a cooling during the
first half of the past millennium and a warming trend from 1400
onwards (Sterken et al., 2012). This contrasts with the depiction of
warm summers in the McMurdo Dry Valleys and possibly the Ross
Sea sector during the 12th and 13th centuries (Bertler et al., 2011).
The same authors suggest that during the period 1500e1800, East
Antarctica experienced cooler and drier conditions with higher
wind speeds, cooler SSTs, more extensive sea-ice, and they inferred
an increase in bottom water formation. Stenni et al. (2002),
comparing an isotopic record obtained from a firn core drilled at
Talos Dome with other East Antarctic ice core records, also suggest
a cooler climate during this period, although not temporally
synchronous between the different sites.
Borehole temperature measurements provide very useful
information on past surface temperature trends over the last
decades to centuries. In the Antarctic Peninsula area, they confirm
the strong warming trend since 1900 depicted by instrumental, ice
core and lake records (Barrett et al., 2009; Thomas et al., 2009;
Zagorodnov et al., 2011; Sterken et al., 2012). On the West Antarctic
Ice Sheet (WAIS) Divide, reconstruction from borehole temperature
data show a cooling from the beginning of the past millennium
until the 17th century, followed by a warming that intensifies
during the 20th century (Orsi et al., 2012), the magnitude of the
recent warming being in agreement with the estimates of Steig
et al. (2009). The signals reconstructed from shallow borehole
data appear less homogenous in the interior of Dronning Maud
Land, East Antarctica, where high elevation sites display a warming
of more than 1 !C over the last 50 years while no trend is detected
at lower altitudes (Muto et al., 2011).
Similarly to the teleconnections observed during the instru-
mental period (see the introduction), high southern latitude
temperature changes during the past millennium are expected to
be closely related to modifications in large-scale atmospheric
circulation patterns. The variability of ENSO has been intensively
investigated but large uncertainties remain regarding its changes
over the course of the past millennium (e.g., Mann et al., 2005;
McGregor et al., 2010). At mid-latitudes, an intensification and/or
a northward shift of the westerlies has been suggested after the
15th century in the south-east Pacific, over southern South America
and over South Africa (Mohtadi et al., 2007; Moy et al., 2008;
Moreno et al., 2009; Sépulvada et al., 2009; Lamy et al., 2010; Stager
et al., 2012). However, the timing of the shift is not entirely
consistent (within one century) amongst the various records,
possibly because of the superimposition of large multi-decadal
variations on a common trend. Additionally, a reconstruction
from New Zealand suggests that changes in mid-latitude winds are
H. Goosse et al. / Quaternary Science Reviews 55 (2012) 75e9076
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not purely zonal (Knudson et al., 2011). At higher latitudes, it has
been proposed that the period from the 14th to the 19th centuries,
corresponding to the LIA in the northern hemisphere, was char-
acterized by a deepening of the Amundsen low (Kreutz et al., 2000),
a weakening of the Antarctic High (Mayewski et al., 2004) and
stronger meridional exchanges in the South Indian Ocean and
southwest Pacific Ocean sectors of the Southern Ocean (Goodwin
et al., 2004).
While a growing number of climate simulations spanning the
past millennium have been achieved, most investigations of the
model results have been focused on the best documented areas, and
particularly the northern hemisphere continents (e.g. González-
Rouco et al., 2003; Goosse et al., 2005; Jungclaus et al., 2010;
Servonnat et al., 2010; Swingedouwet al., 2011). Only a fewanalyses
were specifically devoted to the high latitudes of the southern
hemisphere, a region where the majority of models displays large
biases in simulations of the present-day mean state and variability
(e.g. Arzel et al., 2006; Connolley and Bracegirdle, 2007; Lefebvre
and Goosse, 2008; Monaghan et al., 2008b). For the last 500 years,
Wilmes et al. (2012) show that the simulated temperatures in the
southern hemisphere are strongly influenced by changing green-
house gas concentrations and volcanic eruptions. Goosse et al.
(2004) suggested that the MCA occurred about one century later
in the Southern Ocean compared to the northern hemisphere. The
proposed lag mechanism implies the formation of slightly warmer
North Atlantic deepwaterwhenmilder conditions prevailed at high
latitudes in the northern hemisphere, followed by their centennial
transportation and upwelling in the Southern Ocean.
3. Methods
3.1. Simulations without data assimilation
We have first selected the simulations performedwith two state
of the art GCMs in the framework of PMIP3-CMIP5 (Paleoclimate
Models Intercomparison Project phase 3 - Coupled Model Inter-
comparison Project phase 5): MPI-ESM-P and CCSM4 (Table 1).
These simulations were chosen because they are the only ones that
cover the full period 850e2000 and were available on the CMIP5
data portal at the time of the analysis. Two other experiments
(performed with the GISS and MIROC models) were also available
for the period 850e1850 but not for the period 1850e2000 for the
same simulation. The MIROC run displays a surface temperature
drift over the southern high latitudes of more than 3 !C in 1000
years, which is probably related to the experimental set up and not
to a real feature of the system; an additional reason to discard it
from our analysis. A preliminary analysis of the GISS outputs shows
that the diagnostics discussed in Sections 4, 5 and 6 that we were
able to perform using available data from this model are at least in
qualitative agreement with the results obtained using the other
models. Additionally, a larger ensemble of GCM simulations over
the period 1850e2000 following the CMIP5 protocol is briefly used
in Section 4 (Table S1).
We also analyze simulations performed with a previous version
of the MPI model (MPI-ESM, Jungclaus et al., 2010, Table 1) because
a larger ensemble is available (8 simulations compared to the single
simulations with MPI-ESM-P and CCSM4) as well as experiments
with the model of intermediate complexity LOVECLIM (Goosse
et al., 2010). LOVECLIM has simpler dynamics and a coarser reso-
lution than the GCMs. Its atmospheric component is ECBilt2
(Opsteegh et al., 1998), a quasi-geostrophic model with T21 hori-
zontal resolution (corresponding to about 5.6! by 5.6!). ECBILT has
no stratospheric dynamics. It is thus not possible to analyze
tropospheric/stratospheric interactions, in particular the circula-
tion changes in the troposphere resulting from modifications in
stratospheric ozone concentration or in response to large volcanic
eruptions (Goosse and Renssen, 2004). CLIO, the ocean component
(Goosse and Fichefet, 1999), is a general circulation model with
a horizontal resolution of 3! by 3!. A simple vegetation model
(VECODE, Brovkin et al., 2002) is also activated in the configuration
selected here, at the same resolution as in ECBILT. Because of those
simplifications, LOVECLIM is much faster than the GCMs. Larger
ensembles can thus be launched and simulations with data
assimilation are possible (see Section 3.2). We consider it therefore
instructive to also compare its results without data assimilation to
the ones of the GCMs.
All the experiments are driven by natural (solar, volcanic and
astronomical) and anthropogenic forcings (greenhouse gases,
various aerosols, land use). MPI-ESM-P, CCSM4 and LOVECLIM
follow the PMIP3-CMIP5 protocol (Schmidt et al., 2011). In partic-
ular they all use relatively modest changes in solar irradiance. The
MPI-ESM forcing differs on some aspects because the simulations
were launched before the CMIP5/PMIP3 protocol was formulated.
The resulting changes for the first ensemble are small (E1, 5
simulations) compared with the other simulations and likely have
a weak impact on the results. In the second ensemble (E2, 3
simulations), a larger scaling was applied to the solar forcing (an
increase of 0.25% from the Maunder Minimum (1647e1715) to
today in E2 compared to 0.10% in E1), leading to slightly larger
temperature changes during the past millennium compared to the
E1 ensemble (Jungclaus et al., 2010). In all those simulations, for
simplicity, we will define the Antarctic surface air temperature as
the temperature south of 70!S. We have checked in some models
that computing the exact temperature over the continent does not
make a significant difference for the type of analysis discussed here.
3.2. Data assimilation method
The data assimilation method is based on a particle filter (e.g.,
van Leeuwen, 2009) using the implementation described in
Dubinkina et al. (2011). The experimental design is identical to the
one applied in two recent studies (Goosse et al., 2012a, 2012b),
albeit applied here to a new dataset of proxy records. Hence, only
a brief description of the methodology is given here. Starting from
an ensemble initialized for the year 851, 96 parallel simulations
(called ‘particles’ or ensemble members) are propagated in time by
Table 1
Model simulations covering the past millennium analyzed here.
Coupled Model Institution Atmospheric resolution Oceanic resolution Reference
CCSM4 National Center for
Atmospheric Research, USA
T85 (0.9! # 1.25!) w0.6! # 0.9! http://www.cesm.ucar.edu/models/
MPI-ESM-P Max Planck Institute for
Meteorology, Germany
T63 (w1.875! # 1.875!) w1! # 1! Raddatz et al. (2007), Marsland et al. (2003)
MPI-ESM Max Planck Institute for
Meteorology, Germany
T31 (w3.75! # 3.75!); Resolution ranging
from 22 km to 350 km
Jungclaus et al. (2010)
LOVECLIM Université de Louvain,
Belgium
T21 (w5.6! # 5.6!), 3! # 3! Goosse et al. (2010)
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the climate model. After one year, the likelihood of each particle is
estimated as a function of the difference between the proxy-based
reconstruction (see Section 3.3) and the simulated temperatures.
The particles are then resampled according to their likelihood, i.e.
to their ability to reproduce the signal derived from the proxy
records. The particles with low likelihood are stopped, while the
particles with a high likelihood are copied a number of times
proportional to their likelihood in order to keep the total number of
particles constant throughout the period covered by the simula-
tions. A small noise is added to each copy to obtain different time
developments for the following year. The entire procedure is
repeated sequentially every year until the final year of calculation.
3.3. Data used in the data assimilation experiments
In the data assimilation experiments, LOVECLIM is constrained
by a few summer and winter mean temperature reconstructions at
mid latitudes (from tree rings and lake sediments) and by ice core
records (Fig. 1, Table 2). As the high and mid latitude climates are
coupled by large-scale circulation changes, we integrate the mid
latitude proxy records to provide an additional constraint on the
system. For all the regions, we selected among the available time
series (see Neukom and Gergis, 2012) those that have at least
a decadal resolution and which cover at least the period from the
14th century to the beginning of the 20th century. Additionally, we
request for the mid-latitudes records a significant correlation over
the period 1911e1990 with instrumental data within a search
radius of 1000 km, at 5! # 5! spatial resolution, in order to keep
only the series that are likely to reflect a large-scale temperature
signal. The significance was tested on linearly detrended instru-
mental and proxy data, taking first order autocorrelations into
account. We then scaled the proxy records to the mean and stan-
dard deviation of the instrumental data over the period 1911e1990.
For Antarctica, we have only selected isotope measurements in
ice core records (Table 2). As the instrumental records are too short
to provide a reliable local calibration, we assume that the isotope
composition of the ice is related to the local temperature which is
then derived here from d18Omeasurements using a d/T spatial slope
of 0.8&/!C (Masson-Delmotte et al., 2008), corresponding to the
theoretical slope expected from the distillation of a given air mass.
Temporal isotope-temperature gradients have been investigated at
seasonal scale from observations (e.g. Law Dome, Dome F) and at
decadal or longer time scale using isotopic atmospheric general
circulation models (Schmidt et al., 2007; Sime et al., 2008). These
studies generally point to a temporal gradient that appears
systematically lower than the spatial slope, typically between 0.3
and 0.8&/!C, due to covariance between precipitation and
temperature, and possibly moisture origin; however, no study has
been explicitly dedicated to the isotope-temperature slope at the
multi-decadal time scale, relevant for the last millennium climate.
In this framework, the slope of 0.8&/!C appears as a conservative
value which may lead to an underestimation (by a factor up to 2) of
the temperature changes. Besides, the 0.8&/!C slope is consistent
with an independent estimate derived from bubble number-
density measurements in West Antarctica (Fegyveresi et al.,
2011). In order to reduce the non-climatic noise, a 10-year
average has been applied to the isotope records before assimila-
tion. Borehole temperature records and oceanic records, which
have lower resolution, are not used in data assimilation.
For data assimilation, we need an estimate of uncertainty on
temperature reconstructions. Here, our basic working hypothesis is
that data error is assumed to be 0.5 !C and constant in time and
space. This small uncertainty value is probably optimistic, espe-
cially when considering uncertainties in isotope-temperature
relationships, but we selected it as a working hypothesis to
provide a clear constraint on the model with data assimilation
compared to the simulation without it and to check if the signal
recorded in the proxies is compatiblewithmodel physics. As shown
Fig. 1. Location of the proxy records used in the simulation with data assimilation on
the atmospheric grid of LOVECLIM.
Table 2
Description of all the proxies used in the data assimilation experiments. The proxies
are compared to model results on annual mean for the ice cores and to the mean
over the summer (winter) half of the year, corresponding to September to March
(April to August) for the other records. Tree ring and the lake records are assimilated
at annual resolution while ice core data are assimilated at decadal resolution as




Law Dome Antarctica d18O Annual Courtesy from
T. van Ommen,
Moy et al., in prep.
B25 Antarctica d18O Annual Mulvaney et al. (2002)
Taylor Dome Antarctica d18O Annual Steig et al. (1998)
EDC Antarctica d18O Annual Masson-Delmotte
et al. (2004)
Siple Dome Antarctica d18O Annual Brook et al. (2005)
TALDICE-Talos
Stacked
Antarctica d18O Annual Stenni et al. (2010)
DML Stacked Antarctica d18O Annual EPICA Comm.
Members (2006)
Oerter et al., in prep.
Oroko New Zealand Tree rings Summer Cook et al. (2006)
Mount Read Tasmania Tree rings Summer Cook et al. (2000,
2006)




Tree rings Summer Villaba et al. (1990);
Lara et al. (2000),
Neukom et al. (2011)
Central Chile Chili Tree rings Winter Le Quesne et al.
(2006)




Summer von Gunten et al.
(2009)
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in previous studies, our results are not extremely sensitive to this
value and changing it by 50% does not have a major impact on the
conclusions derived from our experiments with data assimilation
(Goosse et al., 2012b). In addition, we did not take into account any
error on the dating of the records as we will mainly focus our
analyses on multi-decadal to multi-centennial time scales.
4. Model response to the forcing
As simulated for the northern hemisphere (e.g. González-Rouco
et al., 2003; Goosse et al., 2005; Jungclaus et al., 2010; Servonnat
et al., 2010; Swingedouw et al., 2011), the surface temperature
over Antarctica displays a long term cooling trend between the
beginning of the millennium and the mid-19th century in all the
models, followed by a large warming until present-day (Fig. 2a).
This recent warming is also obtained in the larger ensemble of
‘historical’ simulations covering the years 1850e2000 with
a warming between 0.5 and 1.5 !C over that period in the different
models (Fig. 3), confirming the results of Monaghan et al. (2008b)
from a previous, smaller ensemble of simulations.
The delayed MCA described in Goosse et al. (2004), who were
using an earlier version of LOVECLIM, is less clear in the new
simulations performed with this model. The processes responsible
for this different behavior have not been analyzed in detail but it is
likely due to the smaller solar forcing applied in the current
experiments, which leads to weaker temperature changes in the
North Atlantic (Goosse et al., 2012b) and thus a smaller signal
advected to the Southern Ocean compared to the earlier study. This
feature also appears to be model dependent as it is not found in
MPI-ESM-E2 despite the stronger solar forcing selected for this
ensemble.
The magnitude of the pre-industrial decreasing temperature
trend is small in LOVECLIM, in MPI-ESM-P and in MPI-ESM-E1. In
these simulations, the difference between the warmest and coldest
50yr intervals reaches at most 0.2 !Ce0.3 !C, with some periods of
the 15th or 18th centuries being as warm as the early part of the
simulation. On a multi-century timescale, the simulated difference
in temperature between the warmest (950e1200) and the coldest
intervals (1600e1850) is of 0.18 !C, 0.24 !C, 0.26 !C and 0.15 !C for
LOVECLIM, MPI-ESM-E2, MPI-ESM-P and MPI-ESM-E1 respectively.
CCSM4 depicts the strongest pre-industrial trend, showing
a difference of more than 0.7 !C between the coldest decades of the
14th, 18th and 19th centuries and the period 850e1200. The
temperature difference between 950e1200 and 1600e1850 is
0.46 !C, i.e. around twice of that in the other models. This might be
due to the climate sensitivity of CCSM4 (the climate sensitivity is
Fig. 2. a) Simulated annual mean near-surface air temperature anomaly southward of 70!S in LOVECLIM (red, mean of 10 simulations), MPI-ESM-P (orange), CCSM4 (dark blue),
MPI-ESM-E1 (light blue, mean of 3 simulations) and MPI-ESM-E2 (magenta, mean of 5 simulations). b) Simulated annual mean temperature anomaly southward of 70!S in
LOVECLIM driven by one forcing at a time: greenhouse gas (red), solar (green), land-use (blue), volcanic (light blue), orbital (magenta). c) Simulated seasonal mean temperature
anomaly southward of 70!S in LOVECLIM (mean over 10 simulations) for DecembereJanuaryeFebruary (red), MarcheAprileMay (green), JuneeJulyeAugust (Blue), Septembere
OctobereNovember (light blue). d) The anomaly of ice area in the southern hemisphere (106 km2), in LOVECLIM (red, mean of 10 simulations), MPI-ESM-P (orange), CCSM4 (dark
blue), MPI-ESM-E1 (light blue, mean of 3 simulations) and MPI-ESM-E2 (magenta, mean of 5 simulations). A 21-year running mean has been applied to the time series. Reference
period is 1850e1980. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a measure of the response of the model to a change in the external
forcing and is defined as the equilibrium temperature change
simulated following a doubling of the CO2 concentration in the
atmosphere): with a value of 3.2 !C, the climate sensitivity is higher
in CCSM4 than in some of the other models used here (e.g. Goosse
et al., 2010a, b), while being well in the range of the other GCMs and
of the various estimates available (Bitz et al., 2012).
In order to illustrate the role of the various forcings, additional
simulations have been performed with LOVECLIM driven by one
forcing only at a time (as analyzed in Crespin et al., in press, for the
Arctic). The difference in annual mean temperature between the
950e1200 and 1600e1850 intervals in response to volcanic and
astronomical forcings reaches 0.07 !C, and 0.04 !C, respectively,
compared to 0.18 !C in the simulation including all the forcings
(Fig. 2b). The response to land use change also leads to a difference
of 0.04 !C between those two periods, underlining the non-
negligible contribution of this mid and low latitudes forcing in
polar areas, as also noticed for the Arctic (Crespin et al., in press).
Those estimates should be considered as an order of magnitude
only as they depend on the model and forcing time series selected
but they show that volcanic, land-use and astronomical forcings
can largely explain the pre-industrial cooling trend in the experi-
ments performed, the solar forcing playing a small role. By contrast,
the 20th century warming is mainly attributed to the greenhouse
gas forcing. The role of ozone changes has not been investigated in
LOVECLIM because of the model limitations mentioned in Section
3.1. Note that at seasonal scale, the contribution of the astronomical
forcing is larger as discussed below.
In the simulations performed with all the models, the pre-
industrial cooling trend is larger in Antarctica than at global
scale. The ratio of the cooling between the periods 850e1200 and
1600e1850 in Antarctica and of the one at global average, which
is a measure of the polar amplification of the temperature
changes, is between 1.2 and 1.9. This is, however, much smaller
than for the Arctic where the corresponding ratio equals 4.6 for
LOVECLIM (which is known to have a strong polar amplification
there, Goosse et al., 2010a, b) and between 2.42 and 2.85 for the
other models.
Within its pronounced pre-industrial trend, CCSM4 displays
a step-like cooling of about 0.3 !C between the first and the second
half of the 13th century. In this case, only the 20th century warming
allows Antarctic temperatures to reach a level encountered prior to
the 13th century. In simulations performed with an earlier version
of the model (CCSM3), Miller et al. (2012) attributed a similar
abrupt cooling in the Arctic to the response of themodel to volcanic
forcing, amplified by sea-ice/ocean feedbacks (Zhong et al., 2011).
The results of CCSM4 are coherent with a similar mechanism also
operating in the Southern Ocean in this model version (Fig. 2d). In
CCSM4, the difference in annual mean sea ice area between its
maximum and minimum of the pre-industrial period is larger than
1.5$106 km2, which is much higher than in other models (corre-
sponding values between 0.4$106 km2 and 0.9$106 km2). The most
pronounced decrease in sea ice concentration occurs in the Bel-
lingshausen Sea (not shown). This is consistent with the larger
temperature changes simulated by CCSM4 there as well as in West
Antarctica (see Fig. 4).
Simulations driven by similar forcings do not display changes
that are coherent in time, because of the strong magnitude of the
internal variability in the high latitudes of the southern hemisphere
(Fig. 2a). This internal variability can be dominant for specific
seasons. As a consequence, the robust long term trend is difficult to
identify for a given season in the individual simulations (not
shown), except in CCSM4 which displays similar changes for each
season and for the annual mean because of the larger signal. Per-
forming the average over an ensemble, as in LOVECLIM, tends to
smooth out the internal variability (Fig. 2c) and the resulting
ensemble mean depicts a response to the forcing characterized by
larger pre-industrial cooling trends in spring (SON) and summer
(DJF). The solar energy received at the top of the atmosphere
between October and mid January at high southern latitudes
decreased by up to 9 Wm$2 during the past millennium because of
the influence of precession on seasonal insolation (see Fig. 1 of
Schmidt et al., 2011). The cooling simulated in spring and summer
is thus consistent with a delayed response to those local insolation
changes, with temperatures lagging insolation by 1e2 months
because of to the thermal inertia of the system, as discussed in
more details in Renssen et al. (2005) for the whole Holocene.
At low and mid-latitudes, the response to a forcing is generally
larger over land than over the ocean. This is due to the thermal
inertia of the ocean, which damps the transient changes as well as
Fig. 3. Simulated annual mean near-surface air-temperature anomaly southward of 70!S in historical runs performed by 27 GCMs following CMIP5 protocol (for a definition of the
model names see Massonnet et al., 2012 or Table S1) and in LOVECLIM without data assimilation. An 11-year running mean has been applied to the time series. The reference period
is 1850e1980.
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to some negative feedbacks, in particular those involving modifi-
cations in latent heat fluxes and in ocean-land exchanges (e.g. Boer,
2011). In some models, such as MPI-ESM (E1 and E2), larger
changes are simulated over Antarctica compared to the Southern
Ocean (Fig. 4) between the warmer (950e1200) and colder (1600e
1850) periods analyzed above. In LOVECLIM, and MPI-ESM-P, the
temperature difference is generally larger over land than ocean, but
the absolute maxima are found over coastal seas, advocating for
local amplification by simulated sea-ice ocean interactions.
Consistent with the hypothesis proposing that the feedbacks
involving sea-ice play a larger role in CCSM4 than in the other ones,
the response in CCSM4 is also clearly larger over the ocean than
over land.
In addition to the temperature changes, we have also analyzed
the atmospheric circulation changes in the different models.
Changes are weak and the inter-model spread particularly large.
The majority of models display slightly higher pressure over
Antarctica during the years 950e1200 than during the years 1600e
1850 but these changes are not robust between the simulations
(not shown).
Fig. 4. Difference in annual mean near-surface air temperature (!C) between the periods 950e1200 and 1600e1850 in all the models.
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5. Analysis of the simulations with data assimilation and
model data comparison
At the grid-scale, as expected, the simulation with data assim-
ilation in LOVECLIM generally follows relatively well the proxy data
used to constrain the model evolution (Fig. 5). The variability is
lower in the simulations, but this is a classical bias in order to
reduce the model error compared to the proxy-based reconstruc-
tions (Goosse et al., 2010a, b; Annan and Hargreaves, 2012; Goosse
et al., 2012a, b). The difference between model and reconstructions
is generally of the order of a few tenths of a degree, which is
perfectly acceptable knowing the uncertainty of proxies.
There are, however, exceptions. The model is not at all able to
follow the long term temperature decrease deduced from the Law
Dome ice core isotope data. The agreement at multi-decadal scale is
also weak for EDC and in Tasmania (and to a smaller extent for New
Zealand). Because of its coarse resolution, LOVECLIM does not
include land in the grid point corresponding to Tasmania. We are
thus comparing a reconstruction over land with model results over
the ocean which displays more muted variations. New Zealand is
represented by two grid-points in the model and is thus also
strongly influenced by surrounding oceanic conditions.
Multiple processes can be responsible for the model-data
mismatch at Law Dome and EDC. Temperature reconstructions
based on isotope measurements suffer from uncertainties related
to precipitation intermittency, changes in the moisture origin and
trajectory, changes in boundary layer structure (condensation
versus surface air temperature), and changes in local elevation,
although the latter is likely not dominant at the millennial time-
scale (e.g., Sime et al., 2009; Stenni et al., 2010; Sidall et al.,
2012). Processes potentially responsible for a long term bias may
have only a weak impact on the short term, making any validation
using recent thermometer data only partial.
On the other hand, adequately representing high latitude
climate dynamics remains a challenge for climate models, as
illustrated by the large biases in the simulations of the present state
of the system (e.g. Arzel et al., 2006; Connolley and Bracegirdle,
2007; Lefebvre and Goosse, 2008; Monaghan et al., 2008b).
Global climate models do not have the adequate resolution to
reproduce well the local topography and thus the atmospheric
conditions leading to snow deposition in coastal sites such as Law
Dome. This problem seems particularly important for coarse reso-
lution models as LOVECLIM whose grid cell corresponding to Law
Dome is going up to 500 km inland and is thus certainly not
representative of coastal conditions.
Data assimilation looks for the best compromise betweenmodel
physics and observations in order to maximize the likelihood of the
model state. LOVECLIM is not able to reproduce the temperature
trend deduced from Law Dome ice core isotope measurements,
while it can be brought in agreement with the majority of records.
Note that the model-data mismatch for Law Dome is not restricted
to LOVECLIM, as none of the models used here simulates a long
term cooling over the period 850e2000 at the location corre-
sponding to Law Dome (see Section 5).
Averaged over Antarctica, the simulation with data assimilation
displays a similar multi-centennial development as the simulation
with LOVECLIM without data assimilation (Fig. 6a, b). Differences
are only seen during specific, relatively short periods. For instance,
the early 15th century and the 1940s are warmer by 0.1e0.2 !C in
the simulations with data assimilation while the late 10th century
and the late 20th century are colder thanwithout data assimilation
by about the same amount. As a consequence, the data assimilation
slightly reduces the recent warming trend, which, however,
remains larger in themodel than in the instrumental temperatures,
in particular at the end of the record. Previous simulations have
shown that the recent trend is well reproduced if the model is
constrained by instrumental data using data assimilation (Goosse
et al., 2009). We therefore suspect that the model-data mismatch
for the recent trend could be caused by the scarcity of recent proxy
records, as many ice cores were drilled before the 1990s and their
records therefore do not cover the last decades. We will thus not
discuss the most recent changes here (since 1990). The simulations
capture correctly the warming between the 1960s and 1980s
present in direct measurements and in the reconstructions of
Schneider et al. (2006), which is based on data from Law Dome,
DML (for those two records, an earlier version was used compared
to the one included here), Siple Station (75!92 S 84!10 W), and two
shallowwest Antarctic cores (79!38 S 111!23Wand 77!68 S 123!99
W). Before 1950, the simulations with data assimilation display
similarities with the Schneider et al. (2006) reconstruction on
decadal scale, such as the warming around 1900 and 1940. Alto-
gether, the simulated temperature trend since the 19th century is,
however, much larger in the simulations with LOVECLIM, and in the
simulation performed by the GCMs (Fig. 3), than in the recon-
struction of Schneider et al. (2006). For instance, the difference
between the years 1850e1880 and 1960e1990 reaches 0.18 !C in
Schneider et al. (2006) and 0.51 in our simulations with data
assimilation.
Compared to the simulations without data assimilation in
LOVECLIM, the data assimilation reduces sea ice retreat over the
last decades, which is consistent with the smaller warming over
that period (Fig. 6c). Besides, the sea ice area is smaller in the
simulation with data assimilation during nearly the whole period
850e1500, with differences reaching 0.5$106 km2. As a conse-
quence, the simulated sea ice area is similar at the end of the 20th
century and around 900, 1220, 1350 in the simulations with data
assimilation while the recent decades are characterized by a clear
minimum in LOVECLIM without data assimilation as well as in the
majority of the GCMs simulations (Fig. 2d). Unfortunately, those
simulated long term changes in sea ice area could not be assessed
from observations because of the lack of high resolution sea ice data
for the past millennium.
For the pre-industrial period, as no strong large-scale signal
comes out at the scale of the continent, it is instructive to analyze
the spatial distribution of the changes. Because of the data
constraints, the structure of the changes between 950e1200 and
1600e1850 is different in LOVECLIM with assimilation (Fig. 7a)
compared to the simulations without data assimilation (see Fig. 4a).
Consistently with the ice core data, the period 950e1200 is much
warmer close to DML. The area close to Siple and Taylor domes is
colder, while slightly warmer conditions are obtained around EDC
and Law Dome. In the model, this is associated with a higher geo-
potential height (and equivalently higher surface pressure) over the
Bellingshausen and Amundsen Seas and a lower one over the
continent during the period 950e1200 than during the period
1600e1850 (Fig. 7c). Those circulation changes are consistent with
the interpretation of the circulation changes of Kreutz et al. (2000)
based on the aerosol transport to Siple Dome. This circulation
pattern induces northerly winds in the Ross Sea leading to a large
local warming, in agreement with the reconstructed warming
between 1140 and 1280 (Bertler et al., 2011). Slightly warmer
conditions are also simulated on the western side of the Antarctic
Peninsula during the period 950e1200, consistent with local
reconstructions (Shevenell et al., 2011). These two data sets, which
were not used in our data assimilation experiment, therefore
provide an independent support for our results. Temperature
changes simulated by our coarse resolution model appears,
however, much weaker than the reconstructed ones. We finally
investigated simulated changes in westerlies, showing the lack of
any significant variation in strength or position, in contrast with
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Fig. 5. Comparison of the proxy-based reconstructions (black) used to constrain model evolution with the annual mean temperature anomalies in the simulation with data
assimilation at the corresponding location (red). A 21-year running mean has been applied to the time-series. The reference period is 1850e1980. All the proxies available for New
Zealand and South America have been averaged in the bottom two panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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interpretation of mid latitude observations (see Section 2). This
results should, however, be taken with caution as it might be
related to the low number of proxies used to constrain model
results at mid-latitudes or to the weak tropical extra-tropical
connection in LOVECLIM.
It is out of the scope of our study to analyze in more details the
spatial structure of the changes. The large uncertainty in model
results over Antarctica and the limited amount of data covering the
past millennium preclude any definitive conclusion on the domi-
nant characteristics of the variability at the regional scale and on
the mechanisms ruling them. The spatial structure in the model
with data assimilation crucially depends on the choice of the
proxies to constrain the model results. Nevertheless, we note that,
at multidecadal time scale, some records (e.g. EDC versus Siple and
Taylor Domes) are clearly anti-correlated. Regional anti-correlation
is also depicted in MPI-ESM-P between the locations of Siple Dome
and B25 (see also Fig. 10c below). For instance, when comparing
a 50-year period of the first half of the millennium with the
reference period 1850e1980, warm anomalies are simulated in
some coastal regions of both East andWest Antarctica while a band
of cold anomalies is depicted from the Weddell Sea to Wilkes Land
(Fig. 8).
6. A composite of the ice core records
Fig. 5 shows the spread between individual ice core records.
When plotting all the time series on the same graph and applying
a stronger temporal filter, the diversity of the temperature changes
appears even more clearly (Fig. 9a). For instance, EDC, Taylor, Siple
and Taldice reconstructions all display a clear warming after 1800.
DML, B25 and Law Dome reconstructions show maximum
temperatures before the 20th century: around the beginning of the
period of interest for DML and Law Dome, in the 14th century for
B25. In contrast to the other 2 records, DML reconstruction also
shows a warming during the 20th century, which is, however, not
exceptional in the framework of the last 1150 years. Ice cores
located in East Antarctic regions relatively close to the coast, in the
Atlantic and Indian sectors, do not depict any remarkable warming
during the 20th century. The density of the cores is, however, too
low to draw a boundary between the behavior of the different
regions.
The coherency between the different regions is larger in models
than in the reconstructions based on ice core records, even in the
two models that have the highest resolution among the ones we
analyzed here (Fig. 10a, c). At the multi-decadal scale, models do
simulate contrasted variability in some regions as discussed in
Section 5. However, multi-centennial trends appear consistent over
the whole continent. As a consequence, the average of model
results at those seven ice core sites is very close to the simulated
Antarctic mean temperature (Fig. 10b, d).
This indicates that, in the models, a sample of 7 cores is enough
to have a very good measure of the mean over the continent. We
therefore produce an estimate of the temperature change in
Antarctica, based on the average of the 7 ice core records (Fig. 9b).
This rough first-order reconstruction, referred to below as the
Antarctic Isotopic Temperature composite (AIT), is based on the
simplest possible technique.We consider nevertheless this exercise
to be useful since more complex methods may suffer from the very
small overlap between thermometer measurements and the
majority of the long, high-resolution records selected here. This
new reconstruction of Antarctic temperatures shows persistent,
large multi-decadal variability during the whole record, a small
cooling trend during the preindustrial period and a modest
warming mainly between 1800 and 1970. Within uncertainties, the
recent decades are not the warmest decades of the millennium, the
absolute maximum of the AIT composite being found in the 15th
century. Over the last 70 years, our AIT composite is in very good
agreement with the reconstruction of Schneider et al. (2006) and
Fig. 6. Annual mean temperature anomaly (!C) southward of 70!S a) between 1850 and 2000 and b) between 850 and 2000 from direct observations (light blue, Schneider et al.,
2006), a reconstruction based on ice core data (dark blue, Schneider et al., 2006), in LOVECLIM without data assimilation (red, mean over 10 simulations) and in LOVECLIM with data
assimilation (green). c) The anomaly of sea ice area in the southern hemisphere (106 km2), in LOVECLIM without data assimilation (green, mean over 10 simulations) and in
LOVECLIM with data assimilation (red). For panel a, an 11-year running mean has been applied to the time-series and the reference period is 1961e1990. For panel b and c, a 21-year
running mean has been applied to the time-series and the reference period is 1850e1980. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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instrumental observations over the last decades (shown in Fig. 6a).
This supports our isotope-temperature calibration using a d/T
spatial slope of 0.8&/!C. Our reconstruction, however, diverges
from the one of Schneider et al. (2006) prior to 1930, a period for
which not enough direct observations are available in Antarctica to
estimate their respective skill.
As expected, the reconstruction based on the 7 ice core
measurements is in good agreementwith the simulations with data
assimilation. This indicates that the AIT composite is compatible
with the model physics and the forcing applied in LOVECLIM. In
particular, the difference between the years 1850e1880 and 1960e
1990 reaches 0.45 !C in the AIT composite (compared to 0.51 !C in
LOVECLIMwith data assimilation, see Section 5). The AIT composite
is also in reasonable agreement with the results of the other models
(see Fig. 2a). The long term trends are, however, weaker in the AIT
composite. The difference between the intervals 950e1200 and
1600e1850 which were the warmest and coldest in the models is
only of 0.03 !C in the AIT composite, compared to 0.1 !C in LOVE-
CLIM with data assimilation and more than 0.15 !C in the different
simulations without data assimilation (see Section 4).
Besides, the multi-decadal variability of the AIT composite is
higher than the one of the models (except CCSM4), as already
noticed in Section 5 for LOVECLIM. The standard deviation of the
AIT composite has a value of 0.22 !C after a 21-year smoothing over
the period 850e1850, compared to 0.17 !C, 0.14 !C, 0.17 !C, 0.11 !C
and 0.23 !C for MPI-ESM-P, MPI-ESM-E1, MPI-ESM-E2, LOVECLIM
with data assimilation and CCSM4, respectively. The agreement
between the model and reconstructions on the magnitude of the
interdecadal to multi-centennial variability is, however, much
better at the continental scale than for the individual records
(compare Figs. 3, 8 and 9).
The extrapolation of the conclusion derived from model results
to justify our average of the proxy-based reconstruction should,
however, be taken with caution. Indeed, as mentioned above, the
spatial coherency is larger in models than within the ice core
records. Furthermore, we have not taken into account that ice core
records are composed of a local temperature signal, but also non-
temperature noise caused by deposition or post-deposition
Fig. 8. Difference of annual mean surface temperature (!C) between the period 1175e
1225 and the reference period 1850e1980 in the MPI-ESM-P simulation.
Fig. 7. Difference of annual mean surface temperature (!C) between the periods 950e
1200 and 1600e1850 a) in the LOVECLIM simulation with data assimilation and b) in
the proxy-based reconstructions. Difference of annual mean geopotential height at
800hp (in m) between the periods 950e1200 and 1600e1850 in the LOVECLIM
simulation with data assimilation.
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processes. Water stable isotope records from ice cores archive
climatic information at times when precipitation occurs. Precipi-
tation intermittency and moisture source changes may thus affect
temperature reconstructions based on ice core records of
precipitation isotopic composition (Masson-Delmotte et al., 2011).
Biasing effects (seasonal and synoptic), reflecting warmer temper-
atures during snowfall, may also differently affect inland and
coastal Antarctic sites and could explain the large spread between
Fig. 9. a) Temperature anomaly (!C) reconstructed from different ice core records: DML (light green), Taldice (yellow), Siple (red), Law Dome (magenta), B25 (violet), EDC (black),
Taylor (dark green). b) Mean of the temperatures reconstructed from all the ice core records (AIT composite, light blue), a previous reconstruction based on ice core data (dark blue,
Schneider et al., 2006) and the mean temperature anomaly southward of 70!S in the simulation with data assimilation (green). Additionally, the 7 estimates obtained by performing
the mean over only 6 of the 7 records are also displayed in grey to illustrate the uncertainty of the reconstruction. A 101 year running mean and a 21-year running mean have been
applied for panel a and b, respectively. Reference period is 1850e1980. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
Fig. 10. a) Temperature anomaly (!C) simulated in CCSM4 at the location of the different ice core records: DML (light green), Taldice (yellow), Siple (red), Law Dome (magenta), B25
(violet), EDC (black), Taylor (dark green). b) Mean of the temperature anomalies simulated at the location of all the ice core records (red) and the mean temperature southward of
70!S in CCSM4 (blue). A 51 year running mean and a 21-year running mean have been applied for panel a and b, respectively. c and d, same as a and b for the MPI-ESM-P model.
Reference period is 1850e1980. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ice core records. A single model grid-point temperature is repre-
sentative of a larger area, because of the relatively coarse model
resolution, than an individual proxy record. Consequently, the
mean over seven model grid points is certainly a much better
estimator of the average temperature simulated over Antarctica,
compared to the mean of seven temperature estimates derived
from ice core stable isotope records. Nevertheless, the results
remain robust if we choose any subset of 6 of the 7 cores, giving
some confidence that the number of records is sufficient to resolve
a common climate signal (Fig. 9b).
7. Conclusions
Despite the uncertainties on proxy reconstructions and models,
they consistently rule out large (>0.5 !C), homogeneous pre-
industrial Antarctic temperature variations during the last millen-
nium, in contrast to the coherent variability displayed on longer
timescales (e.g., Masson et al., 2000; Masson-Delmotte et al., 2011).
The spatial structure of the changes appears to be complex, with
nearby regions such as the Ross Sea and the nearby Siple and Taylor
Domes experiencing opposite variations even at the multi-century
time-scale. Consequently, we could not detect using the available
information a transition at the scale of Antarctica equivalent to the
one proposed in the northern hemisphere between the MCA and
LIA. Large regional differences also appear on shorter time scales
(e.g. decadal). During some periods, contrasted behaviors emerge
between East Antarctica and West Antarctica, as noticed for the
recent past but such distinction does not necessarily hold at
centennial time-scale during the past millennium.
The signal simulated by the model using data assimilation is
broadly consistent with proxy-based reconstructions, with local
exceptions. The data constraint does not induce significant shifts in
model state during centuries in the regions where the proxy data
are assimilated. This contrasts with the earlier studies devoted to
the northern hemisphere (Goosse et al., 2012a, b). In those previous
studies, the data were showing a robust large scale structure,
related to the LIA-MCA transition, that has a too weak amplitude in
LOVECLIM without data assimilation. Model results were thus
adjusted to better fit the data thanks to the assimilation technique.
As such robust large-scale pattern is not present in the data
selected here, no corresponding shift is associated with the data
assimilation.
As a consequence of the absence of a large common signal
between the different regions, the mean temperature over the
continent only explains a small part of the variance of the system. In
models, it mainly displays the response to the natural and
anthropogenic forcing applied, characterized by a cooling trend
during the preindustrial period followed by awarming over the last
150 years. This picture is qualitatively similar to our Antarctic
isotopic temperature composite obtained by simply averaging the
reconstructions based on the 7 ice core records. Nevertheless, this
reconstruction of the mean Antarctic temperature from ice core
data can be sensitive to the choice and the representativeness of the
records and should thus be considered as a rough first-order esti-
mate only that should be refined in the future. Model-data
comparisons should be further investigated, for instance using
precipitationweighted temperature or isotopically enabledmodels.
The AIT composite is not strongly affected if we do not include one
of the seven records but selecting only a few time series in the
average could lead to a clearly different reconstruction. The
agreement with model results at the centennial scale, however,
provides an encouraging cross validation of two uncertain sources
of information.
The AIT composite is in good agreement with another recon-
struction (Schneider et al., 2006) and with estimates based on
direct observations over the last decades. The reconstructed
warming of about 0.5 !C over the last 150 years is, however, about
two times larger than the one obtained by Schneider et al. (2006).
This 0.5 !C warming obtained in the AIT composite is very close to
the value obtained in our simulations with data assimilation and is
well in the range simulated by current general circulation models
driven by realistic forcings. It is also consistent with some addi-
tional reconstructions using ocean and ice core data and with
several borehole temperature measurements. It is, however, not
clearly detected in many isotope records from ice cores, including
some of our data and others used in Schneider et al. (2006) as well
as more recent ones (e.g. Sinclair et al., 2012). Again, isotopic
enabled models may allow to understand the processes at play.
Estimating precisely the magnitude of the warming over the last
150 years compared to the pre-industrial climate is of paramount
importance for our understanding of the response of Antarctica to
external forcings. This is also essential for the models validation as
reproducing the temperature changes over that period is probably
the most crucial test of models before using them to study future
changes overAntarctica. Our approach focusingon ice cores covering
at least several centuries is different from the one of Schneider et al.
(2006) that is devoted to the last 200 years only. We thus have not
taken into account all available information spanning the recent
decades. Obtaining additional reliable series of Antarctic tempera-
tures for thewholemillennium, including the recent decades, should
then be considered as a central objective, requiring additional
records to have a reasonable sampling of the spatial variability of the
system. Such a synthesiswould alsoprovide essential informationon
the spatial structure of the changes over this period. This is chal-
lenging but also the only way to understand the climate dynamics at
decadal to centennial timescales and to test the ability of models to
adequately represent it. The dating, aiming to annual resolution, and
the interpretation of the proxies should also be improved to have
more reliable reconstructions and more sound model-data
comparisons. The latter should include the comparison of different
types of proxies in order to have a precise estimate of the uncer-
tainties aswell as a better documentation of the isotope temperature
relationship on a variety of time scales, for instance using borehole
data when possible and direct proxy modeling.
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Abstract. From 10 to 8 kaBP (thousand years before
present), paleoclimate records show an atmospheric and
oceanic cooling in the high latitudes of the Southern Hemi-
sphere. During this interval, temperatures estimated from
proxy data decrease by 0.8 ◦C over Antarctica and 1.2 ◦C
over the Southern Ocean. In order to study the causes of this
cooling, simulations covering the early Holocene have been
performed with the climate model of intermediate complex-
ity LOVECLIM constrained to follow the signal recorded in
climate proxies using a data assimilation method based on
a particle filtering approach. The selected proxies represent
oceanic and atmospheric surface temperature in the South-
ern Hemisphere derived from terrestrial, marine and glacio-
logical records. Two mechanisms previously suggested to
explain the 10–8 kaBP cooling pattern are investigated us-
ing the data assimilation approach in our model. The first
hypothesis is a change in atmospheric circulation, and the
second one is a cooling of the sea surface temperature in
the Southern Ocean, driven in our experimental setup by
the impact of an increased West Antarctic melting rate on
ocean circulation. For the atmosphere hypothesis, the cli-
mate state obtained by data assimilation produces a modi-
fication of the meridional atmospheric circulation leading to
a 0.5 ◦C Antarctic cooling from 10 to 8 kaBP compared to
the simulation without data assimilation, without congruent
cooling of the atmospheric nd sea surfa e temperature in
the Southern Ocean. For the ocean hypothesis, the increased
West Antarctic freshwater flux constrainted by data assimila-
tion (+100mSv from 10 to 8 kaBP) leads to an oceanic cool-
ing of 0.7 ◦C and a strengthening of Southern Hemisphere
westerlies (+6%). Thus, according to our experiments, the
observed cooling in Antarctic and the Southern Ocean proxy
records can only be reconciled with the reconstructions by
the combination of a modified atmospheric circulation and
an enhanced freshwater flux.
1 Introduction
Over Antarctica, water stable isotope records from deep
ice cores show a temperature optimum around 12–10 kaBP
(thousand years before present, the notation ka is used here-
after) (Masson-Delmotte et al., 2000, 2011; Stenni et al.,
2011), followed by a large cooling of about 1 ◦C from 10
to 8 ka (Fig. 1), which is the strongest millennial Antarctic
temperature fluctuation of the last 10 ka. The mechanisms
responsible for this variation have not yet been explored and
could be related to changes in atmospheric and/or oceanic
circulation, in relationship with changes in orbital forcing
and deglacial meltwater fluxes.
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Fig. 1. Available early Holocene temperature data at high southern
latitudes. Colors show the temperature differences between 8 and
10 ka. Circles correspond to the proxy data used in the simulations
with data assimilation. Squares depict available proxy data that are
not used in the simulations with data assimilation, because of either
low resolution or not covering the reference or fossil periods (cf.
Sect. 2.3 for more explanation). Both types of data are taken into
account to validate the simulations. Diamonds refer to qualitative
data that are not used to compute MAE in Table 3. A description of
these proxies is shown in Tables 1a, b and c.
In Antarctic coastal regions, only a few quantitative and
qualitative sea surface temperature (SST) and sea ice recon-
structions are available. They are based on TEX86 (tetraether
index of 86 carbon atoms) in the West Antarctic Peninsula
(Shevenell et al., 2011) and Ade´lie Land (Kim et al., 2008,
2012), on marine diatoms in Ade´lie Land (Crosta et al., 2008;
Denis et al., 2009) and in Prydz Bay (Denis et al., 2010;
Barbara et al., 2010) and on lake diatoms in Wilkes Land
(Verkulich et al., 2002). The reconstructions from Wilkes
Land, Ade´lie Land and the Antarctic Peninsula similarly sug-
gest a cooling between 10 and 8 ka. The cooling along the
Wilkes Land and Ade´lie Land has been related to glacier ad-
vance and sea ice expansion, which provided a positive feed-
back on East Antarctic atmospheric temperature. Along the
Antarctic Peninsula, the cooling around 8 ka was suggested
to reflect a decrease of southern westerlies wind (SWW),
which led to a decrease of circumpolar deep water (CDW)
intrusion onto the continental shelf and subsequently a sur-
face cooling (Shevenell et al., 2011).
Conversely, diatom-based reconstructions of sea ice and
oceanic temperatures from Prydz Bay suggest that surface
waters off Princess Elizabeth Land were warmer at 8 ka com-
pared to 10 ka (Barbara et al., 2010; Denis et al., 2010). This
regional warming was suggested to be related to an increase
of the CDW intrusion into the shelf between 10 and 8 ka
due to a more southern position of the Antarctic Circumpolar
Current (ACC).
In the Southern Ocean (SO), in the area between the
Antarctic slope front (ASF) and the subtropical front (STF),
geological records generally show a large cooling from 10
to 8 ka, similar to the one estimated at the surface of Antarc-
tica (Bianchi and Gersonde, 2004; Hodell et al., 2001; Crosta
et al., 2005; Panhke and Sachs, 2006; Nielsen et al., 2004).
This shift is thought to be caused by a northward migration of
oceanic fronts (south ACC front, polar front, sub-Antarctic
front or STF). Associated with this cooling event, diatom
records in the marine cores located south of the polar front
suggest a northward migration of the sea-ice front during the
10–8 ka period (Nielsen et al., 2004; Bianchi and Gersonde,
2004; Hodell et al., 2001).
By contrast, one pollen record in the Campbell Island area
(McGlone et al., 2010) shows a clear warming from 10 to
8 ka. These authors explained this feature by an equator-
ward migration and a strengthening of the SWW over Camp-
bell Island and, consequently, an increase in the poleward
meridional heat transport. This is, however, inconsistent with
nearby SST reconstructions (Crosta et al., 2004; Pahnke and
Sachs, 2006), which depict a clear oceanic cooling during the
10–8 ka period (Fig. 1).
This overview of existing early Holocene SH (Southern
Hemisphere) high latitude temperature records shows a large
atmospheric and oceanic cooling from 10 to 8 ka. How-
ever, the causes of this cooling are not well known. Based
on transient climate simulations, mechanisms responsible
for Holocene climate variability have been investigated. Us-
ing an intermediate complexity ocean–sea ice–atmosphere
model without fresh water flux (fwf) forcing due to ice sheet
melting, Renssen et al. (2005) showed that the long-term SH
high latitude temperature trend during the Holocene (9 ka
to present) can be explained by a combination of a delayed
response of the Southern Ocean–Antarctic climate to local
orbitally-driven insolation changes, modulated by the mem-
ory of the system. In their simulations, changes in merid-
ional heat fluxes had a negligible impact, as a result of small
change in SWW.
Changes in large-scale ocean circulation, related to melt-
water fluxes in the northern or southern latitudes, can also
affect both atmospheric and sea surface temperatures in the
high southern latitudes. Indeed, the last glacial period is
marked by small maxima in Antarctic temperature associ-
ated with a bipolar seesaw with Northern Hemisphere tem-
perature (causing an opposite temperature response at both
poles, e.g., Crowley, 1992; Stocker, 1998; Capron et al.,
2010). Similar mechanisms were suggested to account for
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early interglacial Antarctic warmth (Shakun et al., 2012;
Stenni et al., 2011; Masson-Delmotte et al., 2010; Holden
et al., 2010). Such bipolar seesaw mechanism inducing aus-
tral warmth may be driven by the impact of the final Lauren-
tide meltwater flux on the Atlantic meridional overturning
circulation. Additionally, changes in the intensity of convec-
tion in Labrador Sea could also influence high southern lat-
itudes through advective oceanic connections (causing then
delayed temperature changes of the same sign in both hemi-
spheres, Renssen et al., 2010) and could overwhelm the ef-
fect of the bipolar seesaw in the case of shut down of the
Labrador Sea deep water formation. This could ultimately
dominate the impacts of local insolation changes suggested
by Renssen et al. (2005) and drive Southern Ocean climate
evolution (Renssen et al., 2010).
Alternatively, the high southern latitude climate can also
be strongly affected by the melting rate of the Antarctic ice
sheet, as shown, for instance, in idealized modeling stud-
ies (Swingedouw et al., 2009). Such local freshwater forc-
ing induces a surface atmospheric and oceanic cooling in the
Southern Hemisphere, with the largest signal in the Southern
Ocean, where an increase of sea ice cover is simulated, as
well as a strengthening of westerlies and easterlies. So far,
this mechanism has not been investigated as an explanation
for the early Holocene changes around Antarctica.
To combine the information provided by proxy data and a
climate model, data assimilation methods have been adapted
to the long timescales, providing estimates that are compat-
ible with model physics and available data (e.g, Widmann
et al., 2010). However, using data assimilation with a high-
resolution climate model is not practically possible today for
a long timescale because this type of simulation would re-
quire a too large amount of CPU time. Consequently, data as-
similation has been applied here with an earth system model
of intermediate complexity (EMIC). Although the full com-
plexity of the system is not resolved in an EMIC model, it is
possible to carry out multiple simulations or large ensembles
with different initial conditions and different combinations in
external forcing within a reasonable time. This allows testing
the physical plausibility of hypotheses suggested to explain
signals derived from proxy data. However, due to the coarse
resolution and simplified model physics, results are associ-
ated to large uncertainties. For example, Spence et al. (2012)
show that the horizontal resolution could be crucial to define
the right water mass pathways, properties, and the related cli-
matic effects. This leaves room for potential inconsistencies
between model results and empirical reconstructions.
In the present study, using data assimilation in an EMIC,
we aim to test the ability of two different hypotheses to ex-
plain this cooling: either a change in the atmospheric circu-
lation as suggested by McGlone et al. (2010) and Shevenell
et al. (2011), or an oceanic cooling induced here by a change
in the local fwf. Today, there is no consensus on the melt-
ing of the West Antarctic ice sheet (WAIS) during the early
Holocene (Bentley, 2010; Stone et al., 2003; Domack et
al., 2005; Bianchi and Gersonde, 2004; Crespin et al., un-
published data; Pollard and DeConto, 2009; Peltier, 2004;
Mackintosh et al., 2011) to justify this choice or to discard
it a priori. Thus, the WAIS melting represents here a work-
ing hypothesis that allows us modifying in a relatively simple
and straightforward way the oceanic temperature and the cir-
culation in the Southern Ocean. We do not take into account
any East Antarctic ice sheet (EAIS) melting. This choice is
justified by arguments pointing out a larger stability of the
EAIS compared to the WAIS (Bentley, 2010; Sidall et al.,
2012) and weaker EAIS meltwater flux variability compared
to that of the WAIS (Pollard and DeConto, 2009; Mackintosh
et al., 2011).
To test these two hypotheses, different time-slice simula-
tions are performed with the earth system model of interme-
diate complexity LOVECLIM (LOch-Vecode-Ecbilt-CLio-
agIsm Model; Goosse et al., 2010) for 10 and 8 ka. The base-
line simulations take into account the different boundary con-
ditions. New simulations include a data assimilation method.
The complete description of the experimental design, includ-
ing a brief description of the climate model, the experimen-
tal setup, the data assimilation technique and the proxies se-
lected for data assimilation, is provided in Sect. 2. Section 3
investigates the impacts of a modification of atmospheric cir-
culation and of WAIS fwf on SH surface climate and sea ice
cover. Conclusions and perspectives are given in Sect. 4.
2 Experimental design
2.1 Model description
We have performed our experiments with the three-
dimensional Earth climate model of intermediate complex-
ity LOVECLIM. The model configuration includes a rep-
resentation of atmosphere, ocean, sea ice and land surface.
Each model component is briefly described here. A com-
prehensive description of the model, as well as a descrip-
tion of the model performance for standard cases (present
climate, last decade, last millennium and last glacial maxi-
mum), is available in Goosse et al. (2010). The atmospheric
component of LOVECLIM is ECBILT (Opsteegh et al.,
1998). It is a quasi-geostrophic spectral model with 3 ver-
tical levels corresponding to an equivalent horizontal resolu-
tion of 5.6×5.6◦ latitude/longitude. ECBILT is coupled with
the ocean/sea ice model CLIO (Goosse and Fichefet, 1999;
Fichefet and Morales Maqueda, 1997). CLIO is a general cir-
culation model with a horizontal resolution of 3× 3◦ and a
vertical resolution ranging from 10m near surface to 500m
at 5500m depth. LOVECLIM also contains the simple veg-
etation model VECODE (Brovkin et al., 2002) at the same
resolution of the ECBILT model. Because LOVECLIM is
much faster than many other three dimensional climate mod-
els, large ensembles of simulations can be carried out for data
assimilation.
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All experiments are 400-yr-long equilibrium runs (or time-
slices) with constant forcing. These experiments are driven
by orbital forcing (Berger, 1978). Greenhouse gases concen-
trations are imposed from data of Flu¨ckiger et al. (2002).
As no ice sheet model is coupled to LOVECLIM in the
configuration selected here, ice sheet topography and fwf
are prescribed accordingly to the data available at 10 and
8 ka. The ice sheet topography from the reconstruction of
Peltier (2004) was adapted to LOVECLIM by Renssen et
al. (2009) and the ice sheet does not evolve during the 400 yr
of time-slice simulations. For the Laurentide ice sheet melt-
ing, fwf from Licciardi et al. (1999) is imposed for the St
Lawrence and Hudson River outlets. It amounts to 40mSv
for both outlets at 10 ka and to 10mSv and 70mSv at 8 ka,
respectively. In the experiments considered here, we have not
prescribed additional fwf that could represent other sources,
such as the melting of the Greenland and Scandinavian ice
sheets at 10 ka. For the Antarctic ice sheet fwf, we only con-
sider a reference value for WAIS fwf prescribed at 50mSv
for both time slices based on Pollard and DeConto (2009).
Additional experiments are performed using different fwf in
the Southern Ocean (Table 2), as discussed in Sect. 3. This
fwf is applied in Amundsen, Bellingshausen and the west
part of Weddell Seas. Melting of the East Antarctic ice sheet
is neglected (Mackintosh et al., 2011).
2.2 Assimilation method
The data assimilation method used here is the particle filter
with resampling (van Leeuwen et al., 2009). A complete de-
scription of the procedure and the implementation is given in
Dubinkina et al. (2011) but a brief summary is provided here.
First, an ensemble of 48 simulations, called “particles” or en-
semble members, is initialized by adding a small noise to the
atmospheric stream function of a single model state. Each
particle is then propagated in time by the climate model. Af-
ter one year, the likelihood of each particle is computed from
the difference between the observed or reconstructed tem-
peratures and the simulated ones. The particles are then re-
sampled according to their likelihood, i.e., to their ability to
reproduce the signal derived from the available records. The
particles with low likelihood are stopped, while the particles
with a high likelihood are copied a number of times propor-
tional to their likelihood in order to keep the total number of
particles constant throughout the period covered by the simu-
lations, keeping the new weight of each particle equal to one.
A small noise is again added to the atmospheric stream func-
tion of each copy to obtain different time developments for
the following year. The entire procedure is repeated sequen-
tially every year until the final year of calculation (400 yr
here).
2.3 Proxy data
Temperature reconstructions used to constrain model results
in the data assimilation experiments come from different
archives. For marine and pollen records (Table 1, Fig. 1),
the original calibration is retained and the data error is as-
sumed to be 0.7 ◦C. For ice cores (Table 1, Fig. 1, the data
are based on δ18O and δD measurements, scaled to tempera-
ture using the classical approach based on the spatial slope of
0.8‰ ◦C−1 and 6.34‰ ◦C−1 for δ18O/T and δD/T, respec-
tively (Masson-Delmotte et al., 2008). The uncertainty of
temperature estimates remains difficult to fully quantify. Wa-
ter stable isotope records in ice cores are affected by conden-
sation temperature during precipitation events, but also by
changes in ice sheet surface elevation (Siddall et al., 2012).
While they are classically related to annual mean surface air
temperature, these records are affected by precipitation in-
termittency or seasonality (Laepple et al., 2011), boundary
layer dynamics affecting the relationship between surface
and condensation temperature, wind erosion and by changes
in moisture sources (Masson-Delmotte et al., 2011). These
processes may produce a temporal isotope–temperature rela-
tionship, which can be lower than the spatial gradient (Sime
et al., 2008). Using the spatial gradient may therefore lead to
an underestimation of temperature changes. As uncertainties
on central East Antarctic temperature anomalies were sug-
gested to reach 20–30% (Jouzel et al., 2003), we decided to
attribute an uncertainty on 10 and 8 ka anomalies of 0.3 ◦C.
These error bars on marine (0.7 ◦C), pollen (0.7 ◦C) and ice
core (0.3 ◦C) data are lower than the typical values given in
the literature. This is a deliberate choice to strongly con-
strain the simulations with data assimilation on the South-
ern Ocean as well as on Antarctica. A reasonable increase of
the errors would not change qualitatively our conclusions but
could modulate the amplitude of the simulated changes (e.g.,
Goosse et al., 2012).
In the data assimilation experiments, it is necessary to
compare model results and data through anomalies with re-
spect to the preindustrial reference period, here covering
years from 1.5 to 0.5 ka. As a consequence, proxy records
which do not cover both this reference period and the study
period (from 8.5 to 7.5 ka for the time-slice at 8 ka or from
10.5 to 9.5 ka for the time-slice at 10 ka, respectively) with
high enough temporal resolution (at least 300 yr) are ex-
cluded from our simulations with data assimilation. All the
selected data are summarized in Table 1a. Some records re-
jected for data assimilation are kept for independent valida-
tion as well as recently released data (Mulvaney et al., 2012)
that were not available to us at the time the simulations were
launched (Table 1b). The location of each record is shown in
Fig. 1. We have also excluded the records from Byrd, Siple
Dome, Plateau Remote and Dominion Range ice cores. The
first ones (Byrd and Siple Dome records) may be affected by
ice flow dynamics and elevation changes (Sidall et al., 2012).
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Table 1. (a) Description of all the proxy records used in the data assimilation experiments. (b) Description of all the proxy records used
for model validation. (c) Description of all qualitative proxy types used in the text. The classification of proxy records from the subtropical
area or from the Southern Ocean (north of 66◦ S and south of subtropical front) depends on the type of climate dynamics suggested in the
corresponding reference. By default, diatoms are marine diatoms.
(a) Id Name Location Proxy type Reference
1 Law Dome Antarctica δ18O Courtesy of T. van Ommen, A. Moy et al.,
personal communication (2012)
2 Vostok Antarctica δ18O Vimeux et al. (1999)
3 Taylor Dome Antarctica δ18O Steig et al. (1998)
4 Fuji Dome Antarctica δ18O Watanabe et al. (2003)
5 EDC Antarctica δ18O Masson-Delmotte et al. (2004)
6 KMS Antarctica δD Nikolaiev et al. (1988)
7 TALDICE Antarctica δ18O Stenni et al. (2011)
8 EDML Antarctica δ18O EPICA Comm. Members (2006)
9 MtHoney Southern Ocean Pollen McGlone et al. (2010)
10 TN057-17TC Southern Ocean Diatoms Nielsen et al. (2004)
11 MD03-2611 Subtropical Alkenone Lamy et al. (2002)
12 ODP1084B Subtropical Mg/Ca Farmer et al. (2005)
13 ODP 1098 Southern Ocean TEX86 Shevenell et al. (2011)
(b) Id Name Location Proxy type Reference
20 MD97-2121 Subtropical Alkenone Pahnke and Sachs (2006)
21 GIK17748-2 Subtropical Alkenone Kim et al. (2002)
22 IODP1089 Subtropical Radiolerian Cortese et al. (2007)
23 MD88-770 Subtropical Foraminifera Salvignac (1998)
24 MD97-2120 Southern Ocean Alkenone Pahnke and Sachs (2006)
25 IODP1233 Southern Ocean Alkenone Kaiser et al. (2005)
26 TNO57-13-PC4 Southern Ocean Diatoms Hodell et al. (2001)
27 MD97-2101 Southern Ocean Diatoms Crosta et al. (2005)
28 SO136-111 Southern Ocean Diatoms Crosta et al. (2004)
29 MD84-551 Southern Ocean Diatoms Pichon (1985)
30 James Ross Island Southern Ocean δD Mulvaney et al. (2012)
(c) Id Name Location Proxy type Reference
40 MD03-2601 Sea ice Diatoms/TEX86 Crosta et al. (2008), Denis et al. (2009), Kim et al. (2012)
41 JPC24 Sea ice Diatoms Denis et al. (2010), Barbara et al. (2010)
42 Lake Figurnoye Antarctica Lake Diatoms Verkulich et al. (2002)
43 IODP1093/4 Southern Ocean/sea ice Diatoms Bianchi and Gersonde (2004)
The last ones (Plateau Remote and Dominion Range) do not
have sufficient resolution (Masson-Delmotte et al., 2000).
These conditions of data selection do not allow keeping
any data near the Kerguelen Plateau, along South Amer-
ica, the east Pacific, the west Atlantic and West Antarctica.
Therefore, the data assimilation system constrains the model
over the Southern Ocean with only 3 records (West Antarctic
Peninsula, east Atlantic and Tasmania/New Zealand areas).
2.4 Simulation strategy
Several 400-yr-long equilibrium runs with constant forcing
are realized for 10 and 8 ka with and without data assimi-
lation. These simulations are initialized by the results from
a long equilibrium run (with a duration of 3000 yr) with
constant forcings for 10 and 8 ka, respectively. They all in-
clude an ensemble of 48 particles. The simulations without
data assimilation, named respectively STD8 and STD10, pro-
vide reference climates against which the impact of data as-
similation can be assessed. Hereafter, the simulated temper-
ature refers to the mean state of the ensemble. Hereafter,
the acronym STD corresponds to the difference between the
time-slice simulations (STD8–STD10).
The control simulation used to compute the model anoma-
lies and to compare them with proxy data anomalies in the
data assimilation process, is based on a transient simulation
carried out over the period 1–2000CE (current era). For the
period 1–850CE, no volcanic forcing is applied and total so-
lar irradiance and land use change are derived from a lin-
ear interpolation between 1 and the value in 850CE pro-
vided in the framework of Paleo Modelling Intercomparison
Project Phase 3 (PMIP3, Schmidt et al., 2011). Afterward, all
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forcings come from the PMIP3 protocol. The description of
these forcings is detailed in Crespin et al. (2013).
First, to test the influence of changes in atmospheric circu-
lation (first hypothesis), we performed simulations with as-
similation of atmospheric and sea surface temperature data
for both 10 and 8 ka (ATM10 and ATM8, Table 2). In these
experiments, the atmospheric stream function is perturbed
and the assimilation step (i.e. the selection of the ensem-
ble members based on model-data comparison) is done each
year. No modification of the fwf reference is applied in
ATM8 and ATM10. When we discuss differences between
these new simulations (ATM8–ATM10), the acronym ATM
is used for simplicity.
The goal of the second group of experiments with data
assimilation is to test the influence of changes in ocean
temperatures. This is done by changing the fwf due to the
WAIS melting between 10 and 8 ka. The “best guess” fwf for
LOVECLIM is estimated using data assimilation. Here, the
assimilation time step is 50 yr (instead of 1 yr in the previ-
ous experiments). Because the response time of the ocean is
much longer than of the atmosphere, a longer period is thus
required to estimate the effect of the perturbation. In these
experiments, the ensemble members are produced by adding
a small noise to the fwf (instead of perturbating the atmo-
spheric stream function as done in the previous experiments).
The perturbed fwf applied at time t , FWF (t), is derived from
an autoregressive process such as
FWF(t)= FWF(t − 1)+ 0.5εFWF(t − 1)+ εFWF(t), (1)
where εFWF(t) is a Gaussian noise following the distribu-
tion N(0,σFWF). σFWF is equal to 30mSv in this study. This
method allows extracting a fwf that provides the best agree-
ment with the proxy records. This method is applied in sim-
ulations named varFWF8 and varFWF10.
Third, two simulations without data assimilation are then
carried out with the fwf estimates derived from varFWF8 and
varFWF10 for 8 and 10 ka, respectively. These experiments
are named FWF8 and FWF10.
Finally, in order to combine the effects of changes in atmo-
spheric circulation and of an increase of fwf, additional ex-
periments are performed with an atmospheric circulation per-
turbation and an assimilation time step of 1 yr as for ATM8
and ATM10, and the fwf derived from varFWF8 and var-
FWF10. These experiments for 8 and 10 ka are named ATM-
FWF8 and ATMFWF10, respectively. This two-step proce-
dure, required as the current version of the data assimilation
method, is not adapted to handle processes characterized by
very different timescales. All the simulations, their names,
the type of perturbation and the amount of the fwf are de-
scribed in Table 2. When we discuss the differences (FWF8–
FWF10) and (ATMFWF8–ATMFWF10), the acronyms FWF
and ATMFWF are used for simplicity.
Table 2. Description of all the simulations through their name, the
value of the WAIS fwf applied, the use of data assimilation (or not)
and the target period (8 or 10 ka).
WAIS fwf Data Date of the
Name (mSv) Assimilation time-slice
STD 8 50 No 8 ka
STD 10 50 No 10 ka
ATM 8 50 Yes 8 ka
ATM 10 50 Yes 10 ka
varFWF8 Variable Yes 8 ka
varFWF10 Variable Yes 10 ka
FWF 8 120 No 8 ka
FWF 10 25 No 10 ka
ATMFWF 8 120 Yes 8 ka
ATMFWF 10 25 Yes 10 ka
To compare model results with data, we use a mean abso-
lute error (MAE) metrics:
MAE= |$Tmod−$Tobs |, (2)
where $T is the temperature differences between 8 and
10 ka. $Tobs ($Tmod) corresponds to temperature difference
observed (modelised) at one location. The overbar denotes
an average over all the Antarctic or the Southern Ocean data
locations.
2.5 WAIS fresh water flux
The Southern Hemisphere fwf amount and input locations
are not well known. In contrast to the NH (Northern Hemi-
sphere), where the fwf due to ice sheet melting is relatively
well documented (Licciardi et al., 1999), there is no consen-
sus between ice sheet modeling and marine δ18O records.
From ice sheet modelling, Pollard and DeConto (2009)
diagnosed an amount of 50mSv for the WAIS melting dur-
ing the early Holocene (10 to 6 ka). This flux is the one ap-
plied in STD simulations. Earlier ice sheet reconstruction
(Peltier, 2004) showed a larger melting rate of the Antarc-
tic ice sheet in a period 8 ka, compared to 6 and 10 ka peri-
ods. Recent simulations of Mackintosh et al. (2011) exhibit
a relatively constant melting rate between 11 and 7 ka, fol-
lowed by a weaker melting of the Antarctic ice sheet. While
these modeling studies converge on a decrease of the melt-
ing rate around 6 ka, they diverge on the evolution of melt-
ing rate between 10 and 7 ka. Differences between those
studies could be explained by differences in forcing meth-
ods. All these studies are constrained by different and crude
forcings for both atmospheric and oceanic components. The
first study is driven by a stacked deep-sea core δ18O record
for the oceanic forcing and by a parameterization depending
from elevation, orbital configuration and sea level. The re-
construction from Peltier (2004) is constrained by sea level
curve and isostasy. The last study is driven by the modern
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temperature and precipitation climatology adjusted to follow
the Vostok ice core record and forced also by oceanic heat
flux driven mainly by changes in far-field ocean temperatures
represented by a benthic δ18O stack. Additionally, Pollard
and DeConto (2009) show that the WAIS ice sheet could be
very sensitive to these forcings, and particularly to the ocean
heat fluxes.
For the WAIS, large regional differences are reported from
glaciological studies. A gradual retreat of ice streams of
Marie Byrd Land has been suggested (Stone et al., 2003).
By contrast, a rapid retreat of the grounding line of the
ice stream occupying the George VI Sound is documented
around 9.5 ka, followed by stabilization of the ice stream
(Bentley, 2010). On the other side of the Antarctic Peninsula,
the Larsen B persisted during the Holocene until its recent
collapse (Domack et al., 2005). These examples show that
the early Holocene history of the WAIS is complex and not
sufficiently documented to build a common scenario. Fur-
thermore, the melting rate of an ice shelf is influenced by the
bathymetry profile below the ice shelf (Schoof et al., 2007).
This point shows that nonclimatic variables could also have a
large impact on the location and the timing of ice shelf melt-
ing.
Marine observations from foraminifera and diatoms,
which could be interpreted as indicators of the amount of
fresh water release to the Southern Ocean (Bianchi and Ger-
sonde, 2004), do not show drastic changes in the glacial
meltwater inflow between 10 and 8 ka. In the south Atlantic
(50–53◦ S, 5◦ E), the δ18O measured in planktic foraminifers
demonstrates a small trend toward lighter values between 9
and 7 ka (Bianchi and Gersonde, 2004). Similarly, the δ18O
measured in diatoms evidences a 1.5‰ decrease over the
course of the Holocene, with a small drop during the 10 to
8 ka period (Hodell et al., 2001). In coastal areas, a δ18O di-
atom record from West Antarctic Peninsula presents a large
drop between 10.5 and 8.9 ka (Pike et al., 2013), while δ18O
diatom records in East Antarctica depict a 500 yr event of
light values centered at 9.2 ka (Crespin et al., unpublished
data) or a small increase toward enriched values (Berg et al.,
2010).
It is therefore difficult to faithfully assess changes in fwf
due to WAIS melting between 10 and 8 ka from the exist-
ing data. The uncertainties on timing and melting rate are,
thus, large enough to justify the study, with an Earth climate
model of intermediate complexity such as LOVECLIM, of
how modifications of this fwf can affect the early Holocene
SH high latitude climate, and which fwf amount leads to
the best consistency between the simulated and reconstructed
temperature patterns. We are fully aware that all the results
are probably model dependent and subject to many limita-
tions due to the model selected resolution, physics, forcings,
the data assimilation method and the target data, as discussed
in more details below.
3 Results and discussion
Running LOVECLIM without data assimilation (STD8 and
STD10) does not reproduce the cooling observed at high
southern latitudes between 10 to 8 ka in both atmospheric
and sea surface temperature. By contrast, the model simu-
lates a warming between the two time-slices (Fig. 2a), es-
pecially south of the polar front (up to 0.5 ◦C). The com-
parison with proxy reconstruction available for these peri-
ods shows a relative high MAE of 1.01 ◦C (Antarctica) and
1.26 ◦C (Southern Ocean) (Table 3). This warming is caused
by an inflow of warmer North Atlantic deep water (NADW)
in the Southern Ocean at 8 ka compared to 10 ka. In both
time-slices, the NH fwf is high enough to suppress the con-
vection in the Labrador Sea. By contrast, the convection in
Norwegian and Greenland Seas is active for both periods. As
the Laurentide ice sheet is smaller at 8 ka than at 10 ka, the
North Atlantic surface temperature is warmer. As explained
in Renssen et al. (2010), the NADW formed in the Greenland
and Norwegian Seas is warmer, inducing a warming at high
southern latitudes at 8 ka. As in Renssen et al. (2010), we call
this processes, hereafter, an advective teleconnection.
The climate simulated in STD experiments is, thus, not
consistent with data. This might be due to several processes
such as low frequency internal variability of the system not
well taken into account by the model, to inadequate model
physics that do not allow a correct response to the forcing, or
the realism of the model forcing itself.
Between ATM8 and ATM10, the changes in atmospheric
circulation due to data assimilation imply a cooling over
Antarctica and off Dronning Maud Land. The cooling sim-
ulated along coastal areas of the Bellingshausen Sea and off
Ade´lie Land is not significant (Fig. 2b). In contrast with STD
that displays very weak changes in atmospheric circulation,
the surface temperature changes simulated by the LOVE-
CLIM model in ATM is due to a weakening of the circumpo-
lar trough, especially in the Ross Sea, Prydz Bay andWeddell
Sea areas (Fig. 3b). The atmospheric circulation simulated
in ATM8 restrains the inflow of warm air into the Antarctic
area and limits also the outflow of cold air out of Antarctica.
Consequently, this change in meridional atmospheric circu-
lation leads to a cooling of the Antarctic continent. Even if
the magnitude of the cooling (Fig. 2b) is weaker than in the
reconstructions (Fig. 1), the simulated surface temperature
field over Antarctica matches relatively well the proxy re-
constructions (MAE is 0.45 ◦C in ATM, Table 3). However,
a warming is still simulated over the Southern Ocean, lead-
ing to larger errors (MAE of 1.04 ◦C, Table 3). This warming
is slightly reduced compared to the STD experiments (error
of 1.26 ◦C in STD, Table 3), but cannot compensate for the
upwelling of warmer CDW due to the advective teleconnec-
tion at 8 ka. To explain the observed cooling over Southern
Ocean seen in the proxy-based temperature reconstructions
at 8 ka, another mechanism has to be involved.
www.clim-past.net/9/887/2013/ Clim. Past, 9, 887–901, 2013




 120 oW 










   0
o     60 oE 
  90 oE 







−1.5 −1 −0.5 0 0.5 1 1.5
 150oW 
 120 oW 










   0
o     60 oE 
  90 oE 








 120 oW 










   0
o     60 oE 
  90 oE 








 120 oW 










   0
o     60 oE 
  90 oE 







Fig. 2. Difference of the annual mean atmospheric surface tempera-
ture between 8 and 10 ka (8 ka minus 10 ka) for (a) STD, (b) ATM,
(c) FWF, (d) ATMFWF. Colored areas correspond to differences
significant at the 99% level according to a Student t test.
Table 3. Mean absolute error (MAE) in ◦C of the various sim-
ulations (STD, ATM, FWF and ATMFWF) for Antarctic and the
oceanic Southern Ocean temperatures. For each region and experi-
ment, the MAE is computed by the average of the absolute value
of the deviations between 8 minus 10 ka anomalies from recon-
structions and model at the same location. Records considered as
Antarctic records or Southern Ocean records are described in Ta-
ble 1a and b.





In the FWF experiments, we emulate the oceanic cooling
by an increase of the fwf input. In this way, data assimila-
tion experiment varFWF has been used to select the amount
of fresh water release by the WAIS that best fits the surface
temperature data at 10 and 8 ka (Fig. 4). At 10 ka, the fwf re-
constructed by data assimilation is systematically lower than
50mSv (variations between 10mSv and 50mSv). The mean
value is estimated to be 25mSv instead of 50mSv for the
reference scenario used in STD10 (Fig. 4a). For the 8 ka pe-
riod, the fwf estimates reach equilibrium after 100 yr. The
selected scenario (120mSv) suggests a larger WAIS melting
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Fig. 3.Difference of annual geopotential heigh at 800 hpa (in m) be-
tween 8 and 10 ka (8 ka minus 10 ka). (a) STD, (b) ATM, (c) FWF,
(d) ATMFWF. Grey areas correspond to nonsignificant differences
(99% Student t test).
(+140%) than the reference one (Fig. 4b). Additional ex-
periments carried out with only assimilation of ice core data
(not shown) bring out almost the same scenarios for both pe-
riods (50mSv for 10 ka, and 110mSv for 8 ka). The WAIS
fwf optimised from the simulations varFWF8 and varFWF10
represents our current “best guess” estimate. To explain the
cooling in the southern high latitudes during the transition
between 10 to 8 ka, the data assimilation method suggests
a ∼ 100mSv increase of WAIS melting from 10 to 8 ka.
These fwf estimates are applied in the simulation FWF8 and
FWF10. An increase of fwf during this cold event could be
counter-intuitive. However, melting of the ice sheet is not a
simple direct response of the surface forcing and the ice sheet
responds slowly to climate change (Bentley, 2010). Thus, a
long lag could occur between the warm period observed at
10 ka and the peak melting of the ice sheets. In addition,
ocean processes linked to a release of fresh water lead to a
warming of subsurface water masses (below 100m) south of
60◦ S (Swingedouw et al., 2009). A similar subsurface warm-
ing has been simulated in northern high latitudes during large
melting events (Flu¨ckiger et al., 2006). This could create a
positive feedback by increasing melting of the ice shelves.
Therefore, due to nonlinear ice sheet and oceanic feedbacks,
a larger fwf melting during a cold event cannot be discarded.
Furthermore, as summarized in Section 2.5, no observations
can be used to support or refute the magnitude and sign of
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Fig. 4. Reconstruction of fwf based on data assimilation for 10 ka
(varFWF10 simulation) (a) and 8 ka (varFWF8 simulation) (b). For
each time step (50 yr), the green cross is the mean value and green
bar is the standard deviation. The x-axis is the time since the begin-
ning of the experiments. The dashed line is the reference value in 8
and 10 ka.
these changes. We, therefore, consider our results as a rough,
first order estimate of fwf amounts (which could be model
dependent) but not as a precise fwf reconstructions.
The FWF simulations depict a large cooling over most of
the Southern Ocean from 10 to 8 ka, up to −2 ◦C between
STF and ASF. However, this only produces a slight Antarctic
cooling (Fig. 2c). The obtained surface temperature pattern
matches well the Southern Ocean proxy, leading to a MAE
of 0.77 ◦C, which is better than the one observed in ATM and
STD (Table 3). However, over the interior Antarctica, the ice
core data suggest a much larger cooling than the one simu-
lated in FWF experiments (MAE of 0.74 ◦C). A consequence
of this large Southern Ocean cooling is a deepening of the
circumpolar trough and an increase of the SWW (+6%)
(Fig. 3c). This strengthening of the westerlies (below 50◦ S)
at 8 ka fits the reconstruction of SWW strength performed by
McGlone et al. (2010). However, over the Antarctic Penin-
sula, Shevenell et al. (2011) suggest a decrease of the SWW
strength, which is not simulated in FWF.
The ocean and the atmosphere circulation changes have,
thus, complementary effects on the surface temperature. The
first one leads to a relatively large cooling over the Southern
Ocean that is absent in the ATM experiments, and the sec-
ond one leads to large cooling over the Antarctic continent.
Therefore, to decrease both Southern Ocean and Antarctic
continent surface temperature as shown in the observations
(Fig. 1), one solution is to associate the method used for the
ATM simulations with the fwf applied in FWF simulations.
When both ATM and FWF are combined (in ATMFWF),
a large cooling is produced over the SO (about −1.6 ◦C)
together with a larger cooling over the Antarctic continent
(about−0.6 ◦C) compared to STD. This cooling is also larger
in Antarctica than the one simulated in ATM alone as shown
in Fig. 2d during the transition from 10 to 8 ka. The corre-
sponding minimum errors are 0.38 ◦C for the Antarctic proxy
data and 0.66 ◦C for the Southern Ocean data (Table 3). The
comparison of the different panels in Fig. 3 highlights that
the response of the atmospheric dynamics to the data assim-
ilation in the ATMFWF is roughly the sum of the changes
seen in ATM and in FWF.
Data assimilation in ATM, FWF and ATMFWF does not
only modify the annual mean state but also the seasonal cycle
at all southern latitudes (Fig. 5). In the reference simulation,
in central Antarctica (south of 75◦ S), insolation changes be-
tween 10 and 8 ka induce a winter cooling (from March to
October) and a summer warming (from November to Febru-
ary), with a lag of one month as noticed in previous studies
(Crucifix et al., 2002; Renssen et al., 2005). For oceanic re-
gions (between 75◦ S to 55◦ S), the 8 ka time-slice is warmer
than the 10 ka time-slice during the entire year. The seasonal
timing of the largest warming simulated in STD depends on
the latitude. The largest warming occurs from November to
January at 75◦ S and from July to August at 55◦ S (Fig. 5).
In FWF (and ATMFWF), the stratification of the surface
ocean layer is stronger due to the larger release of fresh wa-
ter at 8 ka, inducing a reduced vertical transport of heat. In
FWF, over Antarctica, the atmosphere is cooled in winter
by −0.3 ◦C. During summertime (November to February),
a weak warming is simulated (about 0.6 ◦C) between 10 and
8 ka. This feature is very similar to the one depicted in STD.
By contrast, over the ocean (north of 70◦ S), the surface air
is cooled during almost the entire year in FWF. The sea-
son characterized by the largest vertical heat exchanges in
the ocean in the STD simulation (May to September) is now
simulated to be the coldest period in FWF (more than 1.5 ◦C
cooling) (Fig. 5).
In ATM (and ATMFWF), the atmospheric circulation re-
construction induces an enhanced seasonal cycle over the
Antarctic continent, with similar summer and cooler winter
compared to STD and FWF, respectively. Compared to STD
and FWF, the change of atmospheric circulation obtained
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Fig. 5. Zonal mean temperature differences in ◦C between 8 and
10 ka (8 ka minus 10 ka) for STD (a), ATM (b), FWF (c), ATMFWF
(d). The difference between the data presented in panels (b) and
(a) (d and c) is plotted on panel (e) (and f). Labels on the y-axis
correspond to the beginning of the month. Colored areas correspond
to differences significant at the 99% level according to a Student t
test. Note the different color bar for upper panels (a, b, c and d) and
lower panels (e and f).
by data assimilation and its impact on surface temperature
is almost the same in ATM and FWFATM. From 10 to
8 ka, the atmospheric circulation changes constrained by sur-
face temperature data induce a cooling of −0.5 (−0.3) ◦C
over Antarctica during winter in ATM (ATMFWF) and−0.2
(−0.1) ◦C over the Southern Ocean during all the year, com-
pared to the transition in STD (FWF) (Fig. 5e, f).
Between 55◦ S and 40◦ S, the seasonal and interannual
variabilities of the surface temperature in the ACC are weak
in STD, ATM, FWF and ATMFWF. Modifications of fwf
or of the atmospheric circulation only alter the annual mean
temperature without changing the amplitude of the seasonal
cycle, only the annual temperature is modified.
The changes in surface air temperature due to modifica-
tions in atmospheric circulation or due to the cooling of
oceanic surface temperatures are associated with a decrease
(for both simulations with reference fwf, ATM and STD) and
with an increase (for both simulations with modified fwf,
FWF and ATMFWF) in sea ice concentration and sea ice du-
ration (Fig. 6), the two variables for which proxy information
is available. Reconstructions display an increase of sea ice
duration from 10 to 8 ka off the East Antarctic coast (Crosta
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Fig. 6. Difference of sea ice duration between 8 and 10 ka (8 ka
minus 10 ka) expressed in days for (a) STD, (b) ATM, (c) FWF
(d) ATMFWF. Pink (green) lines show the sea ice extent during
September at 8 ka (10 ka). Colored areas correspond to differences
significant at the 99% level according to a Student t test.
a congruent northward migration of the sea-ice front from
∼ 55◦ S to ∼ 53◦ S in the Antarctic Atlantic (Bianchi and
Gersonde, 2004; Nielsen et al., 2004).
In each simulation driven by surface temperature data as-
similation, sea ice is present all year long in the southern
part of Weddell and Ross seas. Consequently, no change is
visible in sea ice duration there. The seasonal sea ice cover
has different behavior if a cooling and a freshening of the
oceanic surface is applied or not. In the STD, a decrease of
sea ice duration by 10 days is simulated together with a lower
maximum and minimum sea ice extent (−0.5 million km2)
(Fig. 6a). In the ATM simulation, the atmospheric circula-
tion selected by the particle filter leads to an increase of sea
ice duration off the west coast of the Antarctic Peninsula,
Dronning Maud Land and Wilkes Land (Fig. 6b). This is in
agreement with the simulated temperature patterns (Fig. 2b,
d). In FWF and ATMFWF simulations, the cooling and fresh-
ening of ocean surface from 10 to 8 ka conduct to an increase
of sea ice duration by two months, an increase of winter sea
ice extent by 2.5 million km2 and a northward migration of
the sea-ice front in the Atlantic sector (Fig. 6c, d). However,
in some grid points close to Dronning Maud Land, sea ice
cover duration is reduced in FWF (Fig. 6c). This is due to
warmer summer conditions (not shown here) and advection
of warmer air mass, coming from the north, in this area.
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The sea ice simulated in FWF and ATMFWF is thus in
good qualitative agreement with published proxy records.
This suggests that sea ice changes are mainly driven by the
oceanic cooling (second hypothesis) rather than by modifica-
tions of the atmospheric circulation (first hypothesis) during
this period.
4 Conclusions
We have presented simulations performed with an interme-
diate complexity climate model, including experiments with
data assimilation, to study the mechanisms responsible for
the reconstructed southern high latitude cooling from 10 to
8 ka. We have tested two hypotheses, without taking into
account other factors such as changes in the Antarctic ice
sheet topography, or changes in ice shelves. Due to limita-
tions in the data assimilation method, we evaluated their con-
tributions in separate experiments. The good agreement be-
tween our final set of simulations (ATMFWF) and proxy data
is encouraging and provides a consistent picture of climate
change from 10 to 8 ka, for the continent and the Southern
Ocean. Our study suggests the following results:
– Interhemispheric oceanic teleconnections (active in
both time-slices) and warmer NH high latitude climate
at 8 ka, lead to warmer CDW and warmer surface tem-
peratures in the Southern Ocean and over Antarctica at
8 ka compared to 10 ka. This means that the standard
model configuration cannot simulate the observed cool-
ing at SH high latitudes (with the exception of winter
changes).
– Our data assimilation experiments show that the cool-
ing over the Antarctic continent can be explained by a
change in the atmospheric circulation and a modifica-
tion of the meridional heat transport in the coastal ar-
eas. The Southern Ocean cooling is mainly driven by
an increase of the fresh water release from the WAIS
(+100mSv). Combination of these two processes gives
the best comparison between model and proxy data (in
term of MAE).
– The consequences of the oceanic cooling (due to en-
hanced WAIS fresh water release) on sea ice are com-
patible with the increase of the simulated sea ice dura-
tion observed in the coastal region of East Antarctica
and in the Atlantic sector.
This study also presents a way to optimise a key unknown
parameter (fwf in our case) to obtain a state compatible with
proxy records and constrained by model physics. Neverthe-
less, the uncertainties on such reconstructions are directly
related to the uncertainties on the climate model, on the
method, and on data availability. The climate model LOVE-
CLIM used in this study is a model with a coarse resolution
and simplified physics. The results may be somehow differ-
ent using a more sophisticated climate model. For example,
it has been reported that the simulated impacts of Lauren-
tide melting on oceanic water masses and Northern Hemi-
sphere climate are significantly different in a coarse reso-
lution model and in a high-resolution model (Spence et al.,
2012), potentially affecting the model response in the South-
ern Ocean.
Uncertainties on the location and magnitude of the fwf
forcing due to ice sheet melting in Northern Hemisphere re-
main large. Licciardi et al. (1999) show that the total input
into the Arctic Ocean is about 11mSv at 10 ka, which repre-
sents 12% of the total water injected at 10 ka in STD. Clark
et al. (2012) report large changes of the Scandinavian ice
sheet area between 11 and 10 ka. These sources of melt wa-
ter in the Northern Hemisphere, which are not incorporated
in our set of simulations could further modulate the inten-
sity of bottom water formation in the Norwegian and Green-
land seas (Bakker et al., 2012) and affect interhemispheric
teleconnections mechanisms (bi-polar seesaw and advective
teleconnection). Northern Hemisphere data assimilation may
help to constrain those inputs as well as the characteristics of
deep water formed in the North Atlantic and, thus, on CDW
and the Southern Ocean surface temperature. In our current
experimental setup, we cannot modify the the characterisitcs
of the CDW at 8 ka compared to 10 ka due to this lack of data
assimilation in the NH.
There are also caveats intrinsic to our assimilation method.
In the ensemble generation, if we perturb variables related
to processes with different timescales, as for example the
stream function (1 yr) and the fwf in the Southern Ocean
(50 yr), the model, and thus the behaviour of the particle fil-
ter, will only be affected by the process that has a timescale
similar to the assimilation time step. Consequently, the pro-
cedure has to be applied in two separate steps and does not
take into account adequately all the interactions between var-
ious processes.
Finally, the proxies used cover only a small fraction of
the high latitudes of the Southern Hemisphere. Furthermore,
they are indirectly related to the freshwater flux to the South-
ern Ocean. Our experiments suggest that the cooling there,
at 8 ka, is a strong feature of the system. We have shown that
this can be achieved through an enhanced freshwater flux but
additional reconstructions of surface temperature or of vari-
ables directly linked with fwf are required to confirm this
hypothesis.
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During the current interglacial period, Earth’s climate has under-gone signi!cant climate variations that have yet to be quanti!ed at the continental scale, where climate variability is arguably 
more relevant to ecosystems and societies than globally averaged 
conditions. Determining the magnitude of these changes is needed 
to distinguish anthropogenic impacts from the background range of 
natural variability1. Reconstructing spatiotemporal patterns of past 
climate variability helps us to understand and quantify the in"uence 
of externally forced and intrinsic dynamics of the global climate sys-
tem2, and to understand natural climate variability, which needs to 
be considered in future climate scenarios3,4. Here we present a global 
data set of proxy records and associated temperature reconstructions 
for seven continental-scale regions. We describe the most prominent 
features of continental-scale temperature changes at multi-decadal to 
millennial timescales. In contrast to other recent global-scale recon-
structions5,6, this study provides an inter-continental perspective of 
temperature evolution during the past one to two thousand years.
The PAGES 2k Network and temperature reconstructions
#e ‘2k Network’ of the IGBP Past Global Changes (PAGES) project 
aims to produce a global array of regional climate reconstructions 
for the past 2000 years (www.pages-igbp.org/workinggroups/2k-net-
work). Nine PAGES 2k working groups represent eight continental-
scale regions (Fig. 1) and the oceans. Regional representation brings 
critical expert knowledge of individual proxy data sets, which is essen-
tial for improving palaeoclimate reconstructions7. #e PAGES  2k 
Network is coordinated with the National Oceanic and Atmospheric 
Administration (NOAA) World Data Center for Paleoclimatology to 
establish a benchmark database of proxy climate records for the past 
two millennia (Supplementary Note A).
Reconstruction domains for the PAGES 2k regions reported here 
encompass 36% of the Earth’s surface (Fig. 1). Although the regions 
largely coincide with the continents rather than climatological cri-
teria, the annual mean temperature averaged over these regions 
explains 90% of the global mean annual temperature variability in the 
instrumental record (Supplementary Fig. S1). Suitable proxy records 
from Africa (Supplementary Part II) are currently too sparse for a 
reliable temperature synthesis8, and analysis of palaeoceanographic 
Continental-scale temperature variability during 
the past two millennia
PAGES 2k Consortium*
Past global climate changes had strong regional expression. To elucidate their spatio-temporal pattern, we reconstructed past 
temperatures for seven continental-scale regions during the past one to two millennia. The most coherent feature in nearly all 
of the regional temperature reconstructions is a long-term cooling trend, which ended late in the nineteenth century. At multi-
decadal to centennial scales, temperature variability shows distinctly di!erent regional patterns, with more similarity within 
each hemisphere than between them. There were no globally synchronous multi-decadal warm or cold intervals that define a 
worldwide Medieval Warm Period or Little Ice Age, but all reconstructions show generally cold conditions between ad 1580 and 
1880, punctuated in some regions by warm decades during the eighteenth century. The transition to these colder conditions 
occurred earlier in the Arctic, Europe and Asia than in North America or the Southern Hemisphere regions. Recent warming 
reversed the long-term cooling; during the period ad 1971–2000, the area-weighted average reconstructed temperature was 
higher than any other time in nearly 1,400 years.
data by the recently formed Ocean2k group is in progress9. Each 
regional group identi!ed the proxy climate records that they found 
were best suited for reconstructing annual or warm-season tempera-
ture variability within their region, using a priori established criteria 
(Supplementary Database S1). #e PAGES 2k data set includes 511 
time series of tree rings, pollen, corals, lake and marine sediments, 
glacier ice, speleothems and historical documents that record changes 
in biological or physical processes that can be used to reconstruct 
temperature variations.
Except for North America, the PAGES 2k reconstructions have 
annual resolution (Supplementary Fig. S2 and Database S2). #ree 
of the temperature reconstructions span approximately 2,000 years 
(Arctic, Europe and Antarctica), and three cover the past 1,000–
1,200  years (Asia, South America and Australasia). #e North 
American region includes a shorter decadally resolved tree-ring-
based reconstruction (back to ad 1200) and a longer 30-year-resolved 
pollen-based reconstruction (back to ad 360).
Each continental-scale temperature reconstruction was derived 
using di'erent statistical methods, with each 2k Network group tai-
loring its procedures to the strengths of their regional proxy records 
and calibration targets (Supplementary Part  II). Most groups used 
either a scaling approach to adjust the mean and variance of a predic-
tor composite to an instrumental target, or a regression-based tech-
nique to extract a common signal from the predictors using principal 
components or distance weighting (Table 1). Some of the heteroge-
neities among the regional temperature reconstructions might be due 
to di'erences in reconstruction methods, which may underestimate 
the amplitude of low-frequency variability di'erently10. Furthermore, 
di'erences between regional reconstructions may re"ect di'erences 
in their reconstruction targets (‘land only’ versus ‘land and ocean’), 
proxy types and proxy-dating uncertainties. Temperature variability 
also di'ers between summer and annual reconstructions, although 
the two are correlated in meteorological records from our regions 
(mean r-value = 0.73 ± 0.08; Table 1). Screening proxy records based 
on their statistical similarity to an instrumental target, as was done 
for most regional reconstructions, can hamper interpretations that 
involve comparing the variability of temperature during the twenti-
eth century to that of earlier periods11. To address these issues, and to 
*A full list of authors and their a!liations appears at the end of the paper
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assess the extent to which the choice of reconstruction method might 
in"uence our conclusions, we also applied uniform procedures to the 
same proxy data to generate three additional reconstructions from 
each region (Supplementary Note B); these are referred to as ‘alterna-
tive reconstructions’.
Our analysis of multi-decadal variability focuses on 30-year-mean 
temperatures (three calendar decades) and their standardized values 
(Fig. 2; Supplementary Database S2). #is temporal resolution ena-
bles the inclusion of the 30-year-resolved pollen-based reconstruc-
tion from North America. Using standardized values circumvents 
regional di'erences in the magnitude of temperature variability, 
which depends on geographical factors and can be in"uenced by sea-
sonal biases in some proxies.
Millennial cooling
Over their respective record lengths, all regions experienced a long-
term cooling trend followed by recent warming during the twen-
tieth century, except Antarctica. Before ad  1900 (Supplementary 
Table S2 includes an analysis of regressions up to both ad 1900 and 
1850), the cooling trend is signi!cant (P < 0.05; see Methods for sta-
tistical tests) in all regions except North America, where the cooling 
trend is weakly signi!cant (P < 0.10) in the tree-ring reconstruction, 
and not signi!cant in the pollen reconstruction. #e regional rate of 
cooling varies between about 0.1 and 0.3 °C per 1,000 years. Since 
ad 1000 — the interval represented in all regions — the trends are 
also signi!cant, except for Europe (P = 0.13). In general, the overall 
trends in the 30-year-averaged PAGES 2k Network reconstructions 
agree with those in the alternative reconstructions (Supplementary 
Table S2). #ey are also consistent with the cooling of global sea-
surface temperatures from years ad  1 to 1800 exhibited in the 
PAGES Ocean2k synthesis9.
#e individual site-level proxy records were also analysed to deter-
mine the extent to which the long-term cooling trend is a common 
feature, an approach that is independent of the reconstruction proce-
dures. Generally, the longer the proxy record, the more likely it is to 
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*Correlation between annual and summer (Jun–Aug or Dec–Feb) temperatures based on HadCRUT4, 1850–2012 and using land or land and ocean as per the reconstruction targets; correlation for Australasia is 
for the warm season (Sept–Feb). †See Supplementary Information; PaiCo, pairwise comparison; PCA, principal component analysis; PCR, Principal component reconstruction; PCSR, principal components spatial 
regression; CPS, composite plus scaling; PPR, point-by-point regression. ‡r and P values were calculated for the correlation between reconstructed values and target instrumental data using the seasons, calibration 
period, domains and gridded instrumental products specified for each region in the Supplementary Information. P-values for calibrations are all <0.001 as estimated by phase-randomization Monte-Carlo methods 
that capture the serial correlation structure of the time series (ref. 42). §Correlation for decadal mean reconstruction. ||Square root of the explained variance (R2) of the fit of decadal tree-ring-based reconstruction 
to regional pollen-based reconstructions (0.334) multiplied by R2 of the decadal tree-ring-based calibration itself (0.929); P-value not determined.
Figure 1 | The PAGES 2k Network. Boxes show the continental-scale 
regions used in this study. The pie charts represent the fraction of 
proxy data types used for each regional reconstruction. Supplementary 
Database S1 includes information about each study site and the proxy data 
for all time series used in the regional reconstructions.
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the 24 individual records from all regions that extend back to ad 1, 
20 have negative slopes between years ad 1 and 1900 (Supplementary 
Fig. S6), which is extremely unlikely to occur by chance (one-tailed 
sign test, P < 0.001). Of these, three-quarters of the slopes are statisti-
cally signi!cant (P < 0.05). Of the 90 records that extend to ad 1000, 
54 have negative slopes (P < 0.03), over one-third of which are statisti-
cally signi!cant (P < 0.05).
#e regression analysis of the cooling trend is supported by tem-
perature di'erences at multi-centennial scales. #e three longest 
reconstructions (Arctic, Europe and Antarctica) show higher tem-
peratures during the early centuries of the !rst millennium compared 
with those of the late (pre-twentieth) centuries of the second millen-
nium. Commensurate cooling occurred during the last millennium; 
for example, the !rst four centuries (ad 1000–1400) were warmer 
than the following four centuries (ad  1400–1800) in all regions, 
despite cooling that starts between ad 1200 and 1300 in the Arctic, 
Europe and Asia. #e average temperature di'erence between the 
four-century intervals averaged over all the regions was about 0.1 °C, 
which is consistent with the underlying millennial-scale cooling trend 
(roughly –0.2 °C per 1,000 years).
Several studies have investigated the cause of cooling between 
the tenth and sixteenth centuries, suggesting a potential role of solar 
irradiance, volcanic activity, land-cover changes and orbitally driven 
insolation6,12–15. An ensemble of simulations performed with a climate 
model of intermediate complexity (Supplementary Note C) shows 
that these four forcings are the dominant cause of the annual mean 
cooling trend simulated between ad 900 and 1850, with the relative 
contribution of each forcing varying among regions (Supplementary 
Table S4). #e same forcings are likely to have played a similar role 
on a longer timescale that includes the entire !rst millennium. For 
example, some records of volcanic16 and solar17 activities (Fig.  4f) 
show signi!cant long-term negative forcing over the last 2,000 years 
(Mann-Kendall trend test, P < 0.05). Furthermore, in the Northern 
Hemisphere mid to high latitudes, the millennial-scale cooling can 
be ascribed to an orbitally driven decrease in local summer insola-
tion, as suggested for the Arctic18 and northern Scandinavia19. In the 
Southern Hemisphere, a climate model of intermediate complexity 
simulates a multi-millennial cooling in summer as a delayed response 
to the decrease in local spring insolation, modulated by the thermal 
inertia of the Southern Ocean20.
Multi-decadal to centennial variability
Temperatures did not "uctuate uniformly among all regions, high-
lighting the regionally speci!c evolution of temperature at multi-
decadal to centennial time scales (Fig. 2). However, the period from 
around ad  830 to 1100 generally encompassed a sustained warm 
interval in all four Northern Hemisphere regions. In South America 
and Australasia, a sustained warm period occurred later, from around 
ad 1160 to 1370. In the Arctic and Europe, temperatures were rela-
tively high during the !rst centuries ad. Most other reconstructions 
are too short to infer temperatures before around ad 1000.
#e transition to colder regional climates between ad 1200 and 
1500 is evident earlier in the Arctic, Europe and Asia than in North 
America or the Southern Hemisphere. Di'erences among regions 
could re"ect non-forced variations involving the major modes of 
atmospheric variability21,22. By around ad  1580, all regions except 
Antarctica entered a protracted cold period. Apart from intervals of 
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Figure 2 | Continental-scale temperature reconstructions. 30-year-mean temperatures for the seven PAGES 2k Network regions, standardized to have 
the same mean (0) and standard deviation (1) over the period of overlap among records (ad 1190–1970). North America includes a shorter tree-ring-
based and a longer pollen-based reconstruction. Dashed outlines enclose intervals of pronounced volcanic and solar negative forcing since ad 850 (see 
Methods). The lower panel shows the running count of number of individual proxy records by region. Data are listed in Supplementary Database S2.
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cold conditions prevailed until late in the nineteenth century. Again, 
the alternative reconstructions show patterns similar to those of the 
PAGES 2k regional reconstructions (Supplementary Fig. S4).
Palaeoclimate records spanning the past millennium are o(en 
characterized as including some manifestation of a warm Medieval 
Warm Period (MWP) followed by a cool Little Ice Age (LIA)23. 
Previous reviews of these intervals have shown a tendency for cen-
tennial-scale temperature anomalies, but have also emphasized their 
heterogeneity through space and time6,24–27. Our regional temperature 
reconstructions (Fig. 2) also show little evidence for globally synchro-
nized multi-decadal shi(s that would mark well-de!ned worldwide 
MWP and LIA intervals. Instead, the speci!c timing of peak warm 
and cold intervals varies regionally, with multi-decadal variabil-
ity resulting in regionally speci!c temperature departures from an 
underlying global cooling trend.
Our regional temperature reconstructions can be compared with 
records of solar irradiance and volcanic activity to examine the extent 
to which temperature changes coincide with these climate forcings. 
#e time series of area-weighted, standardized 30-year-mean temper-
atures averaged across all regions (Fig. 4b) displays broad similarities 
with records of climate forcings (Fig. 4f,g), a feature also apparent in 
previously published reconstructions of Northern Hemisphere aver-
age temperature (Fig. 4a). #e periods of most negative volcanic-solar 
forcing (nine 30-year periods clustered in !ve distinct 30- to 90-year 
intervals between 1251 and 1820, as determined using criteria speci-
!ed in Methods) generally correspond to a drop in the averaged tem-
perature (Fig. 4b). Monte Carlo sampling of the detrended global time 
series shows that the averaged temperature during these perturbed 
intervals was signi!cantly lower (P < 0.01) than the means of nine 
randomly selected 30-year periods between ad 830 and 1910. At the 
regional scale, these volcanic- and solar-perturbed periods include the 
coolest 30-year period of each reconstruction, although the response 
in Australasia and North America seems to lag by one 30-year period 
during the nineteenth century (which includes the cluster of volcanic 
eruptions between ad 1823 and 183513), and Antarctica was coldest 
during the middle of the twentieth century (Fig. 2). Not all regions 
cooled during each of the strong volcanic-solar downturns. For exam-
ple, Australasia, South America and North America tree rings do not 
show multi-decadal cooling during the earliest interval of strong neg-
ative forcing (ad 1251–1310).
Twentieth-century reconstructed temperature
#e twentieth century ranked as the warmest or nearly the warm-
est century in all regions except Antarctica, where the large ther-
mal inertia of the surrounding ocean may dampen warming28. 
Excluding Antarctica, the twentieth-century average temperature 
among the six regions was about 0.4  °C higher than the aver-
aged temperatures of the preceding !ve centuries (Supplementary 
Table  S3 lists centennial temperature di'erences based on the 
PAGES  2k and alternative reconstructions). Compared with the 
preceding !ve centuries, twentieth-century warming in the four 
Northern Hemisphere regions was, on average, about twice that 
of the more strongly ocean-dominated regions of Australasia and 
South America (about 0.5 °C compared with 0.2 °C), with the great-
est di'erences at northern high latitudes. Twentieth-century warm-
ing in the Arctic (0.9 °C) was about three times that of the average 
of the other !ve non-polar regions.
Our best estimate of reconstructed temperature for ad 1971–2000 
can be compared with all other consecutive 30-year periods within 
each regional reconstruction. In Asia and Australasia, reconstructed 
temperature was higher during 1971–2000 than any other 30-year 
period. #e Arctic was also warmest during the twentieth century, 
although warmer during 1941–1970 than 1971–2000 according to our 
reconstruction. In South America, the ad 1971–2000 reconstructed 
temperature was similar to the record maximum in ad 1251–1280. 
In North America, the reconstructed temperature for the 1971–2000 
interval does not include the warm decades since 1980, and therefore 
underestimates the actual temperature for that interval. In Europe, 
slightly higher reconstructed temperatures were registered in ad 741–
770, and the interval from ad 21–80 was substantially warmer than 
1971–2000. Antarctica was probably warmer than 1971–2000 for a 
time period as recent as ad 1671–1700, and the entire period from 
141–1250 was warmer than 1971–2000. #ese interpretations are gen-
erally supported by the relative magnitude of recent warming in the 
alternative reconstructions (Supplementary Fig. S4 and Database S2).
Each individual proxy record contributing to the regional recon-
structions was analysed to evaluate whether the values during 1971–
2000 indicate higher temperatures than for any other 30-year period 
(Fig. 4d,e), independent of the procedures used for calibrating the 
temperature reconstructions. According to this analysis, of the 323 
individual proxy records that extend to ad 1500, more sites seem 
warmest during 1971–2000 than during any other 30-year period, 
both in terms of the total number of sites and their proportion in 
each region. Similarly, of the 52 individual records that extend to 
ad 500, more sites (and a higher proportion) seem warmest during 
the twentieth century than during any other century. #e fraction 
of individual records that indicates the highest temperatures during 
1971–2000 decreases with increasing record length, consistent with 

























Figure 3 | Summary of long-term trends in individual site-level proxy 
records. Sign (positive or negative) and statistical significance of the slope 
of least-squares linear regression through each site-level proxy record 
within the PAGES 2k data set. The fraction of records that exhibit significant 
(P < 0.05) or non-significant cooling trends was evaluated for records 
extending back di&erent lengths in 30-year steps. The longer the record, the 
more likely it is to exhibit a significant long-term cooling trend. For illustration 
purposes, the fraction of positive trends with magnitude smaller (light red) 
and larger (red) than the one-sided P = 0.05 level is also included.
PROGRESS ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO1797
© 2013 Macmillan Publishers Limited. All rights reserved





















































































































65° S Jan 
15° S Jul 
65° N Jul 
15° N Jul 
Figure 4 | Composite temperature reconstructions with climate forcings and previous hemisphere-scale reconstructions. a, Previously published 
Northern Hemisphere 30-year-mean temperature reconstructions relative to the 1961–1990 reference period5,43–45. b, Standardized 30-year-mean 
temperatures averaged across all seven continental-scale regions. Blue symbols are area-weighted averages using domain areas listed in Table 1, 
and bars show twenty-fifth and seventy-fifth unweighted percentiles to illustrate the variability among regions; open black boxes are unweighted 
medians. The red line is the 30-year-average annual global temperature from the HadCRUT4 (ref. 29) instrumental time series relative to 1961–1990, 
and scaled visually to match the standardized values over the instrumental period. c, Running count of the number of regional reconstructions. d, For 
each 30-year period since ad 1500, the proportion of individual proxy records within each region that indicate the highest temperature during that 
30-year period. e, For each century since ad 500, the proportion of individual proxy records within each region that indicate the highest temperature 
during that century. f, Long-term volcanic forcing from ref. 16 (black curve; spikes beyond –8 Wm–2 are truncated), and solar forcing from ref. 17 (red 
curve). g, Radiative forcings relative to ad 2000 smoothed using 30-year averages from ref. 31, including: two estimates of volcanic forcing46,47; two 
estimates of solar forcing that span the range from strong48 to weak49; and well-mixed greenhouse gases relative to ad 850. h, Change in summer (July 
and January) insolation at 65° N/S and 15°N/S latitudes relative to ad 2000 from ref. 50. Vertical red bands indicate volcanic-solar downturns as 
defined in Methods.
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#e area-weighted average of the best estimate of past tempera-
ture from all seven regions indicates that 1971–2000 was warmer than 
any other time in nearly 1,400 years (Fig. 4b), keeping in mind that 
this analysis does not consider the uncertainty associated with the 
temperature estimates, and that the reconstructions are of di'erent 
lengths. Area-weighted averages of the three alternative reconstruc-
tions generally support this result (Supplementary Fig.  S5). Large 
uncertainties remain, especially during the !rst millennium, when 
only some regions are represented. Regardless, the global warming 
that has occurred since the end of the nineteenth century reversed 
a persistent long-term global cooling trend. #e increase in aver-
age temperature between the nineteenth and twentieth centuries 
exceeded the temperature di'erence between all other consecutive 
centuries in each region, except Antarctica and South America.
#e PAGES  2k Network reconstructions show clear regional 
expressions of temperature variability at the multi-decadal to centen-
nial scales, whereas a long-term cooling trend before the twentieth 
century is evident globally. Centennial-scale temperature changes in 
Australasia and South America generally follow those of the Northern 
Hemisphere regions, whereas temperature changes in Antarctica do 
not correlate with those of other regions. #e pre-twentieth-century 
long-term global cooling trend is evident in di'erences in average 
temperature between multi-centennial periods, and in the signi!cance 
of the slopes of least-squares linear regressions for both the regional 
reconstructions and the individual site-level proxy records. Our recon-
structions and proxy-data compilation will be useful in future studies, 
serving as a benchmark for comparisons with climate model simula-
tions aimed at understanding the cause of the global cooling, and the 
extent to which externally forced and unforced variability can explain 
temperature "uctuations and trends at the continental scale.
Methods
Data sources. All proxy records used for the regional reconstruc-
tions are included in Supplementary Database S1, and are archived 
by the NOAA World Data Center for Paleoclimatology (www.ncdc.
noaa.gov/paleo/pages2k/pages-2k-network.html). All regional tem-
perature reconstructions are included in Supplementary Database S2.
Relation between proxy records and temperature. #e sign (positive 
or negative) of the relation between each proxy record and tempera-
ture is listed in Supplementary Database S1. #ese relations were deter-
mined using di'erent approaches for di'erent regions. In the Arctic, 
the relation is adopted from the publication of the original records. In 
Europe,  the 11 inputs to the regional reconstruction include 10 tree-
ring composites and documentary evidence, all calibrated to tempera-
ture. #e North America pollen-based reconstruction also relies on 
regional syntheses that were previously transformed into temperature. 
For Asia and Antarctica, only records with demonstrated positive cor-
relations with local or regional (respectively) instrumental data were 
included in the reconstructions. #e Asia, North America tree-ring, 
South America and Australasia reconstructions were based on princi-
pal component regression methods, whereby individual proxy records 
could contribute with either a positive or negative temperature rela-
tion with di'erent principal components, or for ensemble members 
with di'erent instrumental targets. In the North America tree-ring 
reconstruction, the sign of the contribution for each record could vary 
spatially as well. #e sign of the relation with temperature for these 
regional reconstructions listed in Database S1 is based on the direction 
of the relation between the proxy records and the area-weighted aver-
age mean annual temperature from the domain areas in Fig. 1 using 
the HadCRUT4 (ref. 29) data series.
Signi!cance of trends. #e signi!cance of long-term cooling trends 
in the reconstructions (Supplementary Table S2) and in the individ-
ual site-level proxy records (Fig. 3 and Supplementary Fig. S6) was 
calculated at the P = 0.05 con!dence level using a one-sided Student’s 
t-test, while accounting for lag-1 autocorrelation in both the calcula-
tion of standard error and in indexing the t-values30. Trends in the 
individual proxy records (site level) were determined by !rst invert-
ing those proxy records having a negative correlation with temper-
ature (as described above). #e pre-1900 trend in each record was 
analysed for successively shorter segments of time, beginning with 
the entire time series, then truncating each series by 30-year intervals, 
with each segment ending in ad 1900. #e trend in each truncated 
series was determined by the slope of its linear regression. For illustra-
tion purposes, the fraction of positive trends with magnitude larger 
than the one-sided P = 0.05 level are shown in Fig. 3.
Volcanic-solar downturns (Figs  2 and 4). We analysed two time 
series of solar forcing and two of volcanic forcing from ref.  31 
(Fig. 4g), the volcanic series from ref. 16 (Fig. 4f), and the solar series 
from ref. 17 (Fig. 4f) to discern periods of strongest agreement and 
magnitude of forcing. Each time series was binned into 30-year inter-
vals that coincide with the temperature reconstructions (bin centres 
from ad 845–1985). #e eight bins (21% of each record) with most 
negative forcing were selected from each series; then, the subset of 
bins overlapping among at least one-half (≥3) of the six time series 
was identi!ed. #e nine 30-year bins de!ned this way comprise the 
!ve intervals that we term ‘volcanic-solar downturns’: ad 1251–1310, 
1431–1520, 1581–1610, 1641–1700 and 1791–1820.
Temperatures during volcanic-solar downturns. To evaluate 
whether temperatures were signi!cantly lower during intervals of 
negative climate forcing, we implemented a Monte Carlo proce-
dure to randomly sample the area-weighted regional temperatures 
between ad 831 and 1910 (we excluded the warm twentieth century 
(ad  1911–2000) to make the test more conservative). For each of 
10,000 iterations, the mean temperature of nine 30-year intervals was 
calculated. Because most of the intervals of negative forcing occur 
later in the record, the low temperatures during these intervals may 
be partially due to long-term cooling. To assess this possibility, we 
also conducted the test on the detrended area-weighted mean. For 
both the original and detrended tests, the mean of the nine intervals 
of negative solar and volcanic forcing was lower than more than 99% 
of the means of randomly selected intervals (that is, P < 0.01).
Warmest intervals within individual proxy records (Fig. 4d,e). Site-
level warmest-interval analysis was conducted for 30-year intervals 
spanning from ad 1491 to 2000, and for 100-year intervals between 
ad 501 and 2000. Proxy records with negative correlation with tem-
perature were inverted. Only records with at least one measurement 
in each 30- or 100-year bin were used. #e three tree-ring records 
from northern Fennoscandia, which were used in both the Arctic and 
the Europe reconstructions, were included only once in the site-level 
analysis. #e warmest intervals were identi!ed by ranking the val-
ues of the 30- or 100-year bins for each record. To better represent 
regions with fewer records, the values were presented as the fraction 
of records in each region, rather than the number of records. #e frac-
tions were scaled such that a value of 1 corresponds to all records in 
all regions.
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